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ABSTRACT 
Shale gas reservoirs are difficult to characterize, because routine methods developed for 
conventional reservoirs may be inappropriate. Although novel technology, such as  
multi-fractured horizontal wells, has proven successful in commercializing shale gas 
resources, a better understanding of basic reservoir properties and characterization 
methods, would possibly lead to improved resource development. Reasons for the 
limited understanding of reservoir properties are the ultrafine and complex pore 
structure of organic-rich shale and their high matrix compressibility, which makes 
quantifying basic fluid transport and storage processes more difficult. 
The first part of this study (Chapter 2 and 3) investigates the complex interrelations 
between effective stress, pore structure, gas permeability and fluid-dynamic slip flow 
effects on samples from the Upper Jurassic Bossier-Haynesville formation. For this 
purpose, stress-dependent porosity and permeability measurements were conducted 
using various gases under controlled and elevated pore and confining pressure 
conditions. The experimental results from stressed porosity measurements indicate that 
porosity data measured at ambient conditions may lead to an overestimation of up to 30 
% for in situ free gas storage capacity. Stress sensitivity of porosity is, however, much 
lower than stress sensitivity of slip flow corrected permeability coefficients. This strong 
stress-sensitive permeability behaviour is a result of effective stress preferentially 
reducing volume and effective cross-section of transport pathways. 
To analyse and separate the influence of superposed poro-elastic and fluid-dynamic 
effects, an apparent permeability model has been applied on measured experimental 
data and supplementary literature data sets. The effective stress - permeability 
relationship can only be described by a modified effective stress law (σ' = Pc – χ Pp). 
Here the fitted permeability effective stress coefficients χ, were consistently ≤ 1, 
indicating that pore pressure has a lesser influence on effective stress than confining 
pressure. If not considered, these χ values < 1 may lead to significant misinterpretation 
of fluid dynamic effects and, on the other hand, if slip flow effects are not considered 
they may lead to misinterpretation of χ values. The data shows that in low permeable 
matrix samples fluid-dynamic gas slippage effects are significant up to pore pressures of 
20 MPa. This has implications for apparent permeability evolution during shale gas 
production. During depletion, permeability passes through a minimum in the pore 
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pressure range from 2 to 10 MPa due to the transition from a poro-elastic to a fluid-
dynamic dominated realm. 
Until present, most shale gas studies focused on organic-rich shales of marine origin, 
while disregarding lacustrine sequences. Therefore, in a second part (Chapter 4), 
thermally overmature lacustrine shale samples with total organic carbon (TOC) contents 
up to 3.6 % from the Newark Basin, NJ, USA are comprehensively characterised in 
terms of pore structure, gas storage and matrix transport characteristics. The results 
show that the controls on methane sorption capacity are complex whereas porosity is 
positively correlated with TOC content. Accordingly, porosity and TOC correlate 
positively with bedding parallel matrix permeability coefficients. When compared to 
previous studies on marine lithotypes, Newark shale has rather poor gas storage 
properties with average He-porosities of 2.3 % and average methane sorption capacities 
of 0.047 mmol g-1. 
The findings presented in this thesis have important implications for gas in place 
calculations, evaluation and interpretation of gas permeability data, fluid flow 
modelling at reservoir and pore scale and lacustrine shale gas exploration. 
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ZUSAMMENFASSUNG 
Schiefergaslagerstätten sind schwierig zu charakterisieren, da diverse Routinemethoden, 
die für konventionelle Gaslagerstätten entwickelt wurden, sich als ungeeignet erwiesen 
haben. Obgleich es sich herausgestellt hat, dass neuartige Technologien, wie mehrfach 
frakturierte Horizontalbohrungen, erfolgreich darin sind Schiefergasresourcen zu 
kommerzialisieren, würde ein besseres Verständnis von grundlegenden 
Lagerstätteneigenschaften und Charakterisierungsmethoden möglicherweise zu einer 
verbesserten Resourcenerschließung führen. Gründe dafür sind die ultrafeine und 
komplexe Porenraumstruktur und die hohe Matrixkompressibilität von organisch-
reichen Tonschiefern, die die Quantifizierung von grundlegenden Transport- und 
Speicherungsprozessen erschweren. 
Der erste Teil dieser Arbeit (Kapitel 2 und 3) untersucht die komplexen 
Zusammenhänge zwischen effektivem Stress, Porenraumstruktur, Gaspermeabilität und 
fluiddynamischen Gleitströmungseffekten. Zu diesem Zweck wurde anhand von Proben 
aus der Oberjurassischen Bossier-Haynesville Formation stressabhängige Porositäts- 
und Permeabilitätsmessungen mit unterschiedlichen Gasen bei kontrollierten sowie 
erhöhten Poren- und Umgebungsdrücken durchgeführt. Die experimentellen Ergebnisse 
der unter Stress durchgeführten Porositätsmessungen zeigen, dass Porositätsdaten, die 
unter Umgebungsbedingungen gemessen wurden, zu einer Überschätzung der freien 
Gasspeicherkapazität unter in situ Bedingungen von bis zu 30 % führen können. Jedoch 
ist die Stresssensitivität der Porosität viel geringer als die Stresssinsitivität von 
gleitflusskorrigierten Permeabilitätskoeffizienten. Dieses starke stresssensitive 
Permabilitätsverhalten resultiert daher, dass effektiver Stress vorzugsweise Volumen 
und effektive Querschnittsfläche von Transportwegen reduziert. 
Um überlagernde poro-elastische und fluid-dynamische Effekte zu analysieren und zu 
separieren wurde ein Modell auf die experimentellen- und Literaturdatensätze 
angewendet, um die scheinbaren Permeabilitäten zu beschreiben. Die effektive Stress – 
Permeabilitätsbeziehung kann nur über ein modifiziertes effektives Stressgesetz (σ' = Pc 
– χ Pp) beschrieben werden. Dabei sind die angepassten Permeabilität – effektiver Stress 
- Koeffizienten χ durchgängig ≤ 1, was zeigt, dass der Porendruck einen kleineren 
Einfluss auf den effektiven Stress im Vergleich zum Umgebungsdruck hat. 
Vernachlässigte χ Werte < 1 können zu signifikanten Fehldeutungen fluid-dynamischer 
Effekte führen und umgekehrt können vernachlässigte fluid-dynamische Effekte zur 
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Fehlinterpretation der χ Werte führen. Die Daten zeigen, dass fluid-dynamische 
Gleiteffekte in niedrigpermeablen Matrixproben bei Porendrücken bis 20 MPa 
signifikant sind. Dies hat Auswirkungen auf die Entwicklung der scheinbaren 
Permeabilität während der Schiefergasproduktion. Während des Abbaus läuft die 
Permeabilität durch ein Minimum im Porendruckbereich zwischen 2 und 10 MPa, was 
durch den Übergang von einem poro-elastisch dominierten in ein fluid-dynamisch 
dominiertes Gebiet hervorgerufen wird. 
Bisherige Schiefergasstudien fokussierten sich meist auf organisch-reiche Tonsteine 
marinen Ursprungs, wohingegen lakustrine Sequenzen wenig beachtet wurden. Deshalb 
wurden in einem zweiten Teil (Kapitel 4) thermisch überreife, lakustrine 
Tonsteinproben mit organischen Kohlenstoffgehalten von bis zu 3.6 % aus dem Newark 
Becken, NJ, USA ausführlich- in Bezug auf Porenstruktur, Gasspeicherkapazität, und 
Matrix-Transporteigenschaften, charakterisiert. Die Ergebnisse zeigen, dass die 
Wechselwirkungen zwischen Methan Sorptionskapazität und Gesteinseigenschaften 
complex sind, wohingegen die Porosität positiv mit dem TOC Gehalt korreliert. In 
gleicher Weise korrelieren Porosität und TOC mit der Matrixpermeabilität parallel zur 
Schichtung. Im Vergleich zu früheren Studien an marinen Gesteinen hat der Newark 
Tonstein eher schlechte Gasspeicherkapazitäten mit, im Durchschnitt, He-Porositäten 
von 2.3 % und Methan- Sorptionspeicherkapazitäten von 0.047 mmol g-1. 
Die in dieser Arbeit gewonnen Erkentnisse können wichtige Implikationen für die 
Resourcenabschätzung einer Schiefergaslagerstääte, die Evaluierung und Interpretation 
von Gaspermabilitätsdaten, der Transportmodellierung auf der Reservoir- und 
Porenskala sowie die Exploration von Schiefergas aus lakustrinen Formationen haben. 
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1 INTRODUCTION 
Worldwide energy consumption and the demand for affordable energy are strongly 
influenced by economic growth. This growth is particularly high in developing 
countries. According to Energy Information Administrations (eia)1, worldwide energy 
consumption is projected to increase by about 48 % in 28 years from 2012 to 2040. 
Even though this outlook predicts that the consumption of renewable energies is 
expected to grow faster than the consumption of fossil fuels, oil gas and coal still 
account for 78 % of the energy mix in 2040 (Figure 1.1A). 
1.1 Natural gas from an energy perspective 
As natural gas is the cleanest among all fossil fuels, it could potentially replace more 
carbon-intensive coal and liquids to reduce carbon dioxide emissions in a low carbon 
economy. With an annual increase in consumption of 1.9 % natural gas is the fastest-
growing fossil fuel due to abundant and increasing technical reserves. Currently, the 
production from unconventional reservoirs, such as tight gas, coalbed methane (CBM), 
or shale gas substantially increases supplies in China, USA and Canada. In these 
countries, unconventional resources are projected to account for more than 80 % of total 
production in 2040, while the largest share in production increase is considered to be 
shale gas (Figure 1.1B, eia1). 
                                                
1  U.S. Energy Information Administration (eia), International Energy Outlook 2016 (IEO2016), 
https://www.eia.gov/outlooks/ieo/pdf/0484(2016).pdf. 
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Figure 1.1: (A) World energy consumption by energy source. Squares are projections including the 
effect of the United States Clean Power Plan regulations (CCP). 1 Btu = 1055 J. (B) Natural gas 
production by type in China, Canada, and the United States 2012 and 2040. 1 cubic feet = 0.0283 
m3. Figure modified from the International Energy Outlook 20161. 
1.1.1 Shale gas  
The application of horizontal drilling and hydraulic fracturing technologies has made it 
possible to develop shale gas resources. Currently, U.S., Canada, Argentina and China 
are the only countries producing commercial volumes of shale gas. However, many 
countries worldwide (e.g., Algeria, Australia, Colombia, Mexico, Poland, Russia) 
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started to invest in exploration and production from shale reservoirs, but currently fall 
short from reaching commercial production. 
Over the past decade, shale gas contributed to a near doubling of total U.S. technically 
recoverable natural gas resources. Shale gas in 2017 accounts for more than 40 % of 
domestic natural gas production and according to the eia the U.S. will become a net 
natural gas exporter in 2017. Most of the shale gas is produced in seven regions, 
Marcellus, Permian, Haynesville, Eagle Ford, Niobrara, Utica and Bakken (from high to 
low production based on eia data2). Although the gas and oil price shock of late 2014 
resulted in a strong decline of shale drilling activities, U.S. shale gas production is still 
increasing, but at a reduced pace.  
1.2 Shale gas reservoirs 
Shale gas reservoirs are categorized as an unconventional natural gas resource. In 
comparison to conventional reservoirs, novel production techniques are and were 
indispensible to produce these type of resources due to their comparatively poor 
reservoir properties. In the following, the focus is mainly on dry shale gas reservoirs. 
Oil shales, which may produce significant amounts of associated gas from oil and shales 
that produce condensates are not explicitly considered. 
Shale resource systems are formations with highly variable mineralogy that serve as 
both source and reservoir rock. Typically, gas productive formations are characterised 
by ow permeabilities (nD), low porosities (< 15%, mostly 4 to 7 %), good to excellent 
total organic carbon content (> 1% TOC), large organic-rich shale thickness (> 45 m), 
large continuous systems, gas window thermal maturity (> 1.4 % VRr), mixed organic-
rich/organic-lean facies, marine type II organic matter and a brittle rock fabric, among 
others (Jarvie 2012). They have been known for a long time, because most of them 
sourced conventional oil and gas reservoirs in sedimentary basins that have been 
exploited in the past. However, the fact that these rocks also retain and store 
considerable quantities of produced hydrocarbons over geologic timescales was not 
considered for many decades (Jarvie 2012).  
                                                
2  U.S. Energy Information Administration (eia), Drilling Productivity Report March 2017, 
https://www.eia.gov./petroleum/drilling/pdf/dpr-full.pdf 
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1.2.1 Gas transport and storage mechanisms 
In contrast to conventional reservoirs, gas transport and storage mechanisms in shale 
reservoirs show a larger variability. The underlying reason is largely related to their 
complex pore structure (porosity, pore size distribution, surface area) in combination 
with natural and induced fractures. Thus their reservoir properties are still poorly 
understood. 
Fluid storage in shales may be due to a combination of bulk fluid compression (free 
gas), adsorption and solution processes. Adsorption mainly occurs in the pore system of 
organic matter characterized by pores of nanometer dimensions, but also on the surface 
of clay minerals (e.g., Ross & Bustin 2007, 2009, Gasparik et al. 2012, 2014, Zhang et 
al. 2012 and references therein) whereas free gas storage takes place in the inter- and 
intergranular pore space of organic and inorganic matter as well as fractures, such as 
microfractures, larger-scale fractures and induced hydraulic fractures (e.g. Chalmers & 
Bustin 2007, Gasparik et al. 2014 and references therein). Moreover, gas may also be 
stored by dissolution in pore fluids like water and oil or absorbed in bitumen (Clarkson 
et al. 2016). These amounts are, however, considered to be small in comparison to 
adsorbed and free gas storage capacity. It is important to note that free- and adsorbed 
gas storage occur simultaneously in certain pore size ranges as a distinct boundary 
between adsorbed and free gas phase is not measurable or may not even exist (Ambrose 
et al. 2012). Therefore, for gas in place estimates the amount of “sorbed” gas should be 
expressed in terms of gas that is in excess of the free gas (excess sorption) and not in 
absolute sorption. The reason is that experimentally derived excess sorption considers 
the volume of pore space that is occupied by the sorbed gas phase. 
Gas transport processes in a shale gas reservoir occur at nano- (nanometer) to macro- 
(meter) scale through nano- (nanopores) to micrometer- (fractures) sized conduits. 
Therefore, transport mechanisms, which are not only driven by scale, but also pressure, 
temperature and fluid type/composition are highly variable (Clarkson et al. 2016). 
Furthermore, multi-phase flow may occur during initial production, after the well has 
been hydraulically stimulated, or during long term production of reservoir fluids. 
Multiple flow mechanisms coexist simultaneously in the matrix of shale due to the 
broad pore size distribution and the spatial and time-dependent pressure distribution. 
Pressure-driven volume flow (Darcy flow) is the typical mechanism of fluid flow in the 
macroporosity of shale. However, within micro- and mesopores, slip flow (Klinkenberg 
phenomenon) causes deviation from Darcy’s law and may become the dominant 
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transport mechanism. Diffusion (concentration driven transport) is another transport 
mechanism that occurs during desorption, within solution and the polymer matrix of 
kerogen. When several fluid phases are present, multi-phase flow with wettability 
variation of the various shale components also needs to be considered (Amann-
Hildenbrand et al. 2012, Gensterblum et al. 2015, Clarkson et al. 2016). All of these 
transport mechanisms are affected by changes of the transport pore system, which can 
be induced by poro-elastic deformation due to changes in effective stress or interaction 
of the fluid with the solid phase (e.g. sorption, swelling).  
1.3 Motivation and main objectives of this study 
Many concepts and methods that were applied on conventional reservoir rocks may fail 
in shale reservoir characterization. Especially the ultrafine and complex pore structure 
of organic-rich shale and their high matrix compressibility makes the quantification of 
basic fluid transport and storage processes challenging. This is, however, a key step in 
the commercial evaluation of shale gas reservoirs during exploration and production.  
Transport and storage properties of shale and other porous media are directly linked to 
the characteristics of the pore system, likely depending on incalculable factors, such as 
depositional environment, mineral composition, organic matter type and content, 
maturity and diagenesis. While many studies used novel techniques to characterise the 
pore structure at ambient conditions, the investigation of stress induced pore structure 
changes and its effect on gas transport properties has received little attention so far. This 
requires carefully designed laboratory experiments. For this purpose, samples from the 
Upper Jurassic Bossier-Haynesville formation, a commercial gas producing shale gas 
sequence in Northwest Lousiana and West Texas, USA, were experimentally studied by 
focusing on single-phase gas permeability measurements. The principal objectives 
were: 
• Study the stress dependence of porosity, permeability and gas slippage to 
investigate stress-dependent pore structure changes; 
• Investigate the effect of gas type on gas permeability coefficients; 
• Determine the effect of pore pressure on stress-dependent permeability 
behaviour; 
• Analyse and separate fluid-dyamic gas slippage from poro-elastic stress effects 
to identify at which pore pressures each effect may dominate; 
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• Extrapolate the experimental results to in situ reservoir conditions to investigate 
apparent permeability evolution during reservoir depletion and the effects of 
stress on free gas storage capacity. 
Apart from the exclusively developed marine shales, lacustrine shales may also host 
large volumes of commercially producible shale gas. Therefore, in a second part, 
another objective was to characterize and investigate the controls on gas transport 
and storage properties of a lacustrine shale sample series from the Newark Basin, 
New Jersey, USA. The results may have potential implications for lacustrine shale 
gas exploration and production. 
1.4 Thesis overview 
This thesis is organized into three independent sections, presented in Chapter 2, 3 and 4, 
followed by an outlook chapter 5. 
Chapter 2 was published as Fink, R., Krooss, B.M., Amann-Hildenbrand, A., 2017. 
Stress-dependence of porosity and permeability of the Upper Jurassic Bossier shale: an 
experimental study. Geological Society, London, Special Publications 454. SP454-2. 
In this paper, the stress-dependence of porosity, permeability and gas slippage are 
experimentally studied on well characterized Bossier shale samples. The combination of 
these methods is unique and allows for characterization of the shale’s pore system under 
changing stress conditions. The results indicate that only a small proportion of the pore 
system is relevant for fluid-flow and, therefore, the application of conventional pore 
models to shale are misleading. Moreover, stressed and unstressed porosity data are 
compared, demonstrating that porosity under in situ stress conditions are lower than 
under ambient conditions, hence significantly impacting gas-in-place calculations.  
Chapter 3 was published as Fink, R., Krooss, B. M., Gensterblum, Y., & Amann-
Hildenbrand, A., 2017. Apparent permeability of gas shales – Superposition of fluid-
dynamic and poro-elastic effects. Fuel, 199, 532-550. 
In Chapter 3 the superposition of the fluid-dynamic slip flow effect and poro-elastic 
effects over large pore and confining pressure ranges are analysed on measured and 
available literature data sets. As permeability-stress relations of shale may not follow 
Terzaghi’s principle, where the pore pressure exactly counteracts the confining pressure, 
a modified effective stress law with a permeability effective pressure coefficient similar 
to the Biot coefficient in poro-mechanics is applied. This has tremendous and often 
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ignored implications for the evaluation of apparent permeability data due to wrong a 
priori assumptions. These issues are discussed and resolved by the application of an 
apparent permeability model on the data sets available. Moreover, the model results are 
analysed and used to study apparent permeability evolution during reservoir depletion.  
Chapter 4 in preparation for the International Journal of Coal Geology as Fink, R., 
Krooss, B. M., Amann-Hildenbrand, A., Bertier, P., Littke, R.. Pore structure, gas 
storage and matrix transport characteristics of lacustrine Newark Shale. 
To date, most studies on gas shales focused on marine sequences disregarding lacustrine 
formations. Here, 13 lacustrine shale samples from the Newark Basin, NJ, USA are 
studied in terms of pore structure, gas storage and matrix transport properties using low-
pressure N2 and CO2 physisorption measurements, He-pycnometry, the water saturation 
and immersion technique, high-pressure methane sorption and stress dependent matrix 
permeability measurements. This extensive data set is completed by a broad sample 
characterisation (VRr, XRD, TOC, TIC, TS, Rock-Eval pyrolysis, lithofacies and depth 
rank) and discussed in terms of controlling factors on gas storage and transport 
properties. 
In Chapter 5 additional findings observed during this work are discussed and 
suggestions for future work are given. In this regards, one aspect is the use of stressed 
porosity gas uptake data for permeability evaluation allowing a simultaneous 
measurement of porosity and permeability in “one run” saving experimental time. 
Another aspect is the application of strain gouges in permeability measurements using 
elevated pore pressure to investigate the relation between the mechanical Biot 
coefficient with the permeability effective pressure coefficient (“permeability Biot 
coefficient”) to gain new insights into the relation between poro-mechanics and 
permeability. 
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2 STRESS DEPENDENCE OF 
POROSITY AND 
PERMEABILITY OF THE 
UPPER JURASSIC BOSSIER 
SHALE – AN EXPERIMENTAL 
STUDY 
“Experimental geology has this in common with all other branches of our science, 
petrology and palaeontology included, that in the long run it withers indoors” 
 – Phillip H. Kuenen  
 
Keywords: porosity; gas transport; stress; Bossier shale; shale gas 
2.1 Abstract 
In order to characterize the stress-dependence of porosity and permeability of Bossier 
shale a series of measurements was conducted on three dry, horizontally oriented 
samples using various gases under controlled stress conditions.  
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The Klinkenberg-corrected permeability and gas slippage factors varied by more than 
two orders of magnitude (0.21 – 86 µD) and by one order of magnitude (0.09 – 0.89 
MPa), respectively. Porosity values measured under in situ stress conditions were lower 
by up to 30 % than those measured at ambient conditions. Therefore, disregarding 
stress-dependence of porosity may lead to substantial over-estimation of free gas 
storage capacity. 
The stress sensitivity of Klinkenberg-corrected permeability coefficients (-0.012 – -
0.063 MPa-1) is much larger than the stress sensitivity of porosity (-0.0014 – -0.0033 
MPa-1). Especially for pore systems dominated by microfractures or slit-shaped pores 
the permeability is highly sensitive to effective stress changes. While conventional pore 
models use porosity stress sensitivity exponents m ranging between 3 and 5, we 
measured values of up to 27. Strongly stress-sensitive permeability behaviour is a result 
of effective stress preferentially reducing volume and effective cross-section of 
transport pathways. In contrast, stress-dependent permeability of a less stress-sensitive 
sample is rather controlled by redistribution of flow. 
2.2 Introduction 
In recent years, production from unconventional shale gas reservoirs via hydraulic 
fracturing has stimulated research interests in gas transport and storage processes in 
shales and tight sandstones. Many petrophysical concepts and procedures commonly 
applied in the characterization of conventional gas reservoirs are no longer applicable in 
shale gas systems. Main property differences of these clay-rich and organic-rich 
lithotypes are their high compressibility, low porosity and main pore sizes in the meso- 
and microporous range (Gensterblum et al. 2015, Clarkson et al. 2016). This results in 
extremely restricted matrix transport with permeabilities in the nD-range making 
hydraulic fracture treatment necessary. Natural gas is not only stored as “free gas” in the 
open pore space, but also adsorbed on surfaces as “sorbed gas” (especially clays and 
organics (Ross & Bustin 2009, Gasparik et al. 2012)). For these reasons, it is not 
advisable to directly apply analytical methods, processes and basic theories known from 
conventional to shale gas systems. 
Pore space of shales can be analysed using various methods including Hg-intrusion 
porosimetry (MIP), He-pycnometry, immersion techniques, optical methods comprising 
broad ion beam and focused ion beam scanning electron microscopy (BIB-SEM, FIB-
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SEM), water and low-pressure gas adsorption (N2 and CO2) or small-angle to 
ultrasmall-angle neutron scattering (SANS-USANS). However, all of these methods are 
usually conducted at ambient conditions and therefore do not take into account burial 
stress and pore volume compressibility. Only few experimental attempts have been 
made to measure porosity on stressed shale samples (Soeder 1988, Katsube 2000, Dong 
et al. 2010, Clarkson et al. 2012a, Ghanizadeh et al. 2015a) and almost no reference 
data of unstressed porosity have been published. Elastic porosity changes must be taken 
into account to correct ambient porosity values to realistic in situ conditions. They also 
affect the pore structure that, in turn, controls the stress dependence of transport 
processes (Letham & Bustin 2015). 
It is well known from experimental studies that permeability of shale decreases with 
increasing effective stress (Kwon et al. 2001, Pathi 2008, Tinni et al. 2012, Ghanizadeh 
et al. 2013, 2014a, b, Heller et al. 2014, Letham & Bustin 2015). Unfortunately, it is not 
possible to analyze the pore structure changes causing the permeability decrease using 
standard pore space analysis methods. However, fluid dynamic effects (Klinkenberg 
effect) detected during gas permeability experiments, can be used to relate changes in 
slip factor to pore space widening/closure (Gensterblum et al. 2014, Letham & Bustin 
2015). 
This has negative effects on transport properties of shale gas reservoirs during 
production when pore pressure reduction increases effective stress. Aside from these 
poro-mechanical effects, gas transport in the shale matrix may also be influenced by 
capillary processes (two-phase flow systems), sorption and fluid dynamic effects (slip 
flow).  
In this experimental study we investigate the stress-dependence of porosity and gas 
permeability coefficients of three Bossier shale samples. The measurements were 
performed on dry samples with different gases: He, Ar, N2, CH4, CO2, C2H6. The aim 
was to investigate: 
• Stress dependence of porosity and its implications for in situ gas storage 
capacity; 
• Stress dependent poro-perm behaviour; 
• Stress-dependent changes in pore structure; 
• Effect of gas type on gas permeability coefficients; 
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• Validity of stress-free permeability and porosity values. 
2.3 Theory 
2.3.1 Stress dependence of pore volume and porosity 
Sedimentary rocks undergo compaction upon burial in their geologic history. The 
resulting porosity-depth trends for different lithotypes on the basin scale have been 
analysed and described in numerous publications (e.g. Athy 1930, Baldwin & Butler 
1985). This geologic compaction is the result of a combination of mechanical 
deformation and chemical processes and it is largely irreversible. This geologic 
evolution and the pertaining laboratory compaction (or consolidation) experiments 
simulating these processes will not be treated in this paper (e.g. Dewhurst et al. 1998).  
A volume (or mass) of rock residing in a sedimentary basin is exposed to a specific 
combination of mechanical stress and fluid pressure that will ultimately determine its in 
situ pore volume and pore system connectivity. Any change in this stress field to lower 
effective stresses (upon unloading/uplift) is likely to result in elastic (reversible) 
changes of the pore system to a certain degree. The purpose of this study was to 
investigate the response of shale to changes in effective stress in terms of elastic pore 
volume and transport properties. 
Isostatic loading of an over-consolidated porous rock causes an elastic change in bulk 
volume that is a combination of pore and matrix compressibility. Usually, the pore 
space of a porous medium is described by porosity, the fraction of the pore volume to 
the bulk volume. As bulk volume changes upon loading, porosity changes will be 
affected by both bulk compressibility and pore compressibility. Therefore, the specific 
pore volume Vsp (m3) being the pore volume Vp (m3) normalized to the mass m (kg) of 
the sample, (Equation 1) is used as a more adequate parameter to describe changes upon 
isostatic loading/unloading: 𝑉!" =  !!!          (2.1) 
The dependence of specific pore volume on effective stress can be expressed by an 
exponential function (Reyes & Osisanya 2000): 𝑉!" = 𝑉!",! ∙ 𝑒  ∝∙!!         (2.2) 
Experimental Investigation of Gas Transport and Storage Processes in the Matrix of Gas Shales 
12   
Here, Vsp,0 is the specific pore volume (m3 kg-1) at zero effective stress (σ’ = 0) (Pa) and 
α (Pa-1) an adjustable parameter (compressibility coefficient) describing the stress 
sensitivity of Vsp. 
2.3.2 Transport processes in shale gas systems 
Gas flow during production from gas shales occurs at varying length and time scales. 
Rapid and focused turbulent non-Darcy flow in the 1 to 100 meter scale takes place 
within the wellbore and the natural/artificially induced fracture system (Clarkson et al. 
2016). Gas flow to the fracture system proceeds by pressure-driven volume (Darcy) 
flow within the macro- meso- and micro-pore space and microfractures of the shale 
matrix. It is still under discussion whether and to what extend matrix transport is 
enhanced by slip flow effects at low pore pressures. This effect will be controlled by 
pore geometry. 
Changes in effective stress will influence permeability at all scales. The scope of this 
study is on pressure-driven volume (Darcy) flow and slip flow within the matrix system 
of the Bossier shale and its dependence on effective stress. 
2.3.2.1 Single-phase gas permeability measurements 
For compressible fluids the expansion along the fluid flow path has to be taken into 
account. The average gas permeability coefficient is expressed by the Darcy equation 
for compressible fluids: 𝑘!"# =  −  ∆!∆! !∙!(!!,!)∙!!"#∙!!∙(!!"#$! !!!"! )         (2.3) 
Where Pup and Pdown are the pressures (Pa) at the upstream and downstream side of the 
sample. Patm is the atmospheric pressure (Pa) at the soap-bubble flow meter, which is 
used to measure volumetric flow rates ΔV/Δt (m3/s). µ (Pm, T) is the dynamic viscosity 
(Pa s) as a function of mean pore pressure Pm (Pa) and temperature T (K). L and A are 
the length (m) and the cross sectional area (m2) of the sample plug and kgas the apparent 
gas permeability coefficient (m2). Permeability coefficients in this study are reported in 
Darcy units (conversion: 1 D = 9.87 · 10—13 m2). 
2.3.2.2 Slip flow 
Slip flow (Klinkenberg phenomenon) is a non-Darcy effect of flow of gases in porous 
media (cf. Klinkenberg 1941). When the average size of pore diameters is in the order 
of the free mean path of the gas, the relative proportion of gas molecule-pore wall 
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interactions (slip flow) becomes increasingly important as compared to viscous 
(Poiseuille) flow. In consequence the “apparent” permeability coefficients of gases are 
higher than the “intrinsic” permeability coefficients. Slip flow is dominant in the micro 
and meso-porous matrix system of shale, especially under laboratory conditions at low 
pore pressures (Wu et al. 1998, Rushing et al. 2004, Tanikawa & Shimamoto 2009, 
Letham & Bustin 2015). Pore pressures will vary over the pressure gradient and is 
approximated by the mean pore pressure: 𝑃! = !!"!!!"#$!          (2.4) 
Klinkenberg (1941) showed that measured (apparent) gas permeability coefficients kgas 
are linearly correlated with the reciprocal mean pore pressure Pm. kgas approaches a 
limiting value at infinite pore pressures, the Klinkenberg-corrected permeability k∞ 
which is calculated by the straight-line intercept of a plot with measured permeability 
over the reciprocal mean pore pressure (Klinkenberg-plot). 𝑘!"# = 𝑘!(1+ !!!)         (2.5) 
In the Klinkenberg equation b (Pa) is the gas slippage factor. It is dependent on the 
properties of the gas and the porous medium, because the ratio between the slip factor 
and the mean pore pressure is proportional to the ratio of the mean free path λ (m) and 
the mean transport pore diameter d (m) assuming cylindrical pores. 𝑑 = ! ! ! !!!           (2.6) 
With c ≈ 1 being a dimensionless constant (Adzumi constant). 
Pore pressure Pm and mean free path length λ are gas properties whereas transport pore 
throat diameter d is a property of the porous medium. The mean free path length λ can 
be derived from the kinetic theory of gases and is pressure- and temperature-dependent.  
By assuming slit-shaped pores as an alternative, the formulation changes to (Randolph 
et al. 1984): 
𝑤 = !" ! !!   ! ! !! !            (2.7) 
where w is slit width (m), R the gas constant (J mol-1 K-1), T the temperature (K) and M 
the molar mass of the gas (kg mol-1). Mean transport pore diameter d or slit width w 
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may be stress-dependent as effective stress changes the pore volume and geometry of 
the porous medium. 
2.3.2.3 Stress dependence of permeability 
The stress dependence of permeability coefficients of shales is a well-known 
phenomenon and has been investigated by numerous authors (e.g. Pathi	2008,	Kwon	et	
al.	2001,	Chalmers et al. 2012b, Tinni	et	al.	2012,	Ghanizadeh	et	al.	2013,	2014a,	b,	Heller	 et	 al.	 2014,	 Letham	 &	 Bustin	 2015). With increasing effective stress, 
permeability coefficients decrease. This has implications for shale gas production as 
pore pressure decreases and effective pressure increases during depletion of the 
reservoir. The dependence of the “Klinkenberg-corrected” permeability coefficients (k∞
) on effective stress (σ’) can be expressed as an exponential function: 𝑘! = 𝑘!,! ∙ 𝑒∝!∙!!         (2.8) 
Here, k∞,0 (m2/D) is the Klinkenberg-corrected permeability coefficient at zero effective 
stress (σ´	=	0)	(Pa)	and αk (Pa-1) is an adjustable parameter (compressibility coefficient) 
describing the stress sensitivity of k∞.	
2.4 Samples 
The productive Upper Jurassic Bossier formation consists mainly of argillaceous shales 
with a homogeneous mineralogy compared to other shale gas systems (e.g. Barnett, 
Eagle Ford, Haynesville). Bossier shale has high clay contents, mostly ranging between 
40 and 57 %, quartz contents between 20 and 30 % and usually less than 12 % calcite. 
Exceptionally, facies with dolomite contents of up to 80 % (Hartigan 2014, Hammes & 
Frébourg 2012) occur. 
Three samples from two wells penetrating the productive Bossier formation were used 
in this study. The samples were obtained from cores that were preserved by a layer 
coating of plastic foil, aluminium foil and wax to ensure excellent sample quality. From 
each core a cylindrical sample plug of 38 mm diameter was drilled parallel to bedding. 
Each plug was then cut into several sub-plugs of 1 to 4.5 cm length and used for pore 
volume and permeability measurements at controlled effective stress as well as for zero-
stress porosity measurements (Table 2.1). For all other measurements offcut material 
directly next to the plugs was used. Samples were dried under vacuum at 105 °C. 
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Table 2.1: Overview of sample plugs. Upper Jurassic Bossier sample plugs were used for 
permeability (k (σ’)) and specific pore volume (Vsp (σ’)) measurements at controlled effective stress.  
Sample Formation Well Plug Orientation Condition k (σ’) Vsp (σ’) 
1 Bossier A a || dry yes yes 
2 Bossier A 
a || dry yes yes 
b || as received na yes 
3 Bossier B 
a || dry yes na 
b || dry na yes 
na – not analysed 
2.5 Materials and methods 
2.5.1 Pore space analysis on unconfined conditions 
2.5.1.1 Mercury intrusion porosimetry (MIP) 
Samples were cut into rectangular blocks with volumes of 0.5 – 1.0 cm3 to reduce 
surface roughness effects (Busch & Amann-Hildenbrand 2013) and then vacuum dried 
at 105 °C for 20h. Mercury intrusion measurements were performed with a 
Micromeritics AutoPore IV instrument and intrusion pressures up to 415 MPa. This 
allows detection of equivalent pore throat diameters down to 3.6 nm based on the 
Washburn equation (Washburn 1921) (Hg/air interfacial tension = 0.485 N m-1, contact 
angle = 140°).  
2.5.1.2 Porosity/ specific pore volume measurements using the gas expansion technique 
(He-pycnometry)  
Skeletal densities (ρsk), specific pore volumes (Vsp = (Vb-Vsk)/msample) and porosity (ϕ)	
values	 of	 all	 sample	 plugs	 were	 determined	 by	 helium	 expansion	 (pycnometry)	 in	
calibrated	stainless	steel	containers	(Ghanizadeh et al. 2014a, b). 
Bulk volumes (Vb) were calculated from plug diameters and lengths determined by 
calliper measurements. 
2.5.2 Permeability measurements under unconfined conditions 
Permeability measurements on unconfined rock samples were performed by pulse 
pressure testing using helium expansion (pycnometry) of cuttings (grain size fraction of 
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1 – 1.4 mm) and cylindrical plugs (often named GRI permeability, Luffel et al. (1993)). 
Experiments on cuttings were performed at defined water contents whereas the sample 
plugs were measured only in the dry state. Permeability measurements were typically 
conducted at 5 different mean gas pressures ranging between 0.2 and 0.6 MPa. 
Evaluation of the pressure decline curves for GRI-permeability determination followed 
the late-time solution of Cui et al. (2009). The obtained permeability coefficients were 
averaged and not corrected for slip flow.  
Cuttings were moisturized in evacuated vacuum-desiccators at defined relative humidity 
(RH) levels (33, 53 and 97%) established by equilibration with a saturated salt solution 
(see Merkel et al. (2015)).  
2.5.3 Specific pore volume and permeability measurements at controlled 
effective stress 
Stress-dependent specific pore volumes and permeability coefficients were measured on 
cylindrical sample plugs drilled parallel to the bedding plane. Sample plugs were 
sandwiched between porous stainless steel discs and installed into triaxial flow cells. 
They were then loaded to defined axial stress levels by a hydraulic piston and a 
corresponding radial confining pressure generated by either a high-pressure liquid 
chromatography (Shimadzu LC6) or ISCO 160D Syringe pump. After installation, the 
system was leak tested and flushed with the measuring gas several times prior to the 
experiments. 
Figure 2.1 shows the flow schemes for permeability (Figure 2.1A) and specific pore 
volume (Figure 2.1B) measurements at controlled effective stress. By adding V3 and 
V4 the steady-state permeability set-up and the specific pore-volume set-up were 
combined (Figure 2.1C), enabling the measurement of gas permeability and specific 
pore volume successively at the same controlled confining pressure level as proposed 
by Cui et al. (2010). Sample plug 1a was measured in the combined set-up, whereas all 
other measurements were performed on the basic set-ups (Figure 2.1A, B). 
The experiments were performed at confining stress levels between 5-40 MPa. The 
samples were first loaded with 40 MPa and then unloaded stepwise (stress levels: 40, 
30, 20, 10 and 5 MPa). At each stress level, the sample was stress-equilibrated for one 
week. Equilibrium was considered reached when permeability coefficients measured 
with helium on two subsequent days did not differ by more than 5 %. 
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Figure 2.1: Experimental set-ups for specific pore volume and steady-state permeability 
measurements at controlled effective stress. The sample plug is installed into a triaxial flow cell and 
set under axial and confining pressure. (A): set-up for permeability measurements. (B): basic set-up 
for specific pore volume measurements with calibrated reference volume between V1 and V2. (C): 
combination of experimental set-up (A) and (B) by addition of two valves (V3 and V4). Pore volume 
and permeability coefficients are measured successively at each effective stress level. 
2.5.3.1 Specific pore volume measurements at controlled effective stress 
Specific pore volume measurements at controlled effective stress were conducted using 
the helium expansion technique.  
In this procedure the reference volume (Vrc) between valve 1 (V1) and valve 2 (V2) was 
first filled with He (Prc ~ 0.9 - 1.0 MPa) by opening V1. After temperature 
equilibration, the gas was expanded into the dead volume (Vdead, between V2 and both 
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sample surfaces; V3 and V4 open) by opening V2. Then, the gas expanded slowly, 
depending on the sample’s permeability, into the pore space until pressure equilibration 
(Peq). This procedure was repeated 5-8 times up to final pore pressures around 0.8 MPa. 
The pressure at Vrc and the temperature of the system were recorded continuously with a 
high-precision pressure gauge (WIKA A-10 (0-1 MPa; accuracy ± 0.25% FS); Keller 
33X (0 – 10 MPa; accuracy ± 0.01% FS) and thermocouples. Vrc (1.0 -1.5 cm3 ±0.1 
cm3) and Vdead (3.5 – 6.0 cm3 ±0.1 cm3) were calibrated before the measurements. The 
validity of the volume calibration was cross-checked by a test with a porous steel plug 
with known pore volume (Vp = 2.326 cm3) at an effective stress of 5 MPa.  
Vp at a given effective stress is determined using: 𝑉! = !!"!!!"!!"!!! ∙ 𝑉!" − 𝑉!"#!        (2.9) 
here, ρx is the gas density within the connected system before filling Vrc (V2 open), ρrc is 
the gas density in the filled Vrc (V1 and V2 closed) and ρeq is the gas density at 
equilibrium pressure after gas expansion (V2 open). Helium densities at the P-T 
conditions of the measurements were determined using the GERG equation of state 
(Kunz & Wagner 2012). 
2.5.3.2 Single-phase gas permeability measurements 
After flushing the system with the measuring gas, apparent permeability coefficients 
were determined by step-wise increase of upstream pressure to 3 MPa in eight to nine 
increments. At each increment, the pressure at the upstream side was kept constant. 
Pressures at the upstream and downstream side were continuously monitored and 
downstream volumetric flow rate (at atmospheric conditions) were recorded using a 
soap flow meter and a stopwatch at least three times to check reproducibility.  
Permeability values were calculated from the steady state flow rates. 
2.5.4 Ancillary data for sample description 
X-ray diffraction analysis for bulk mineralogical description was done on milled and 
sieved sample material using a Huber MC9300 diffractiometer. Quantitative analysis of 
phase diffractograms was done using Rietveld refinement. For more details see 
Gasparik et al. (2014). 
Vitrinite reflectance measurements were performed under oil immersion (ne= 1.518) on 
a Zeiss Axio Imager microscope equipped with a tungsten-halogen lamp, a 50/0.85 
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Epiplan-NEOFLUAR oil immersion objective using a 546 nm filter. The system was 
calibrated using a cubic zirconia standard (3.125%). 
Polished blocks of the samples were produced following the procedure of Sachse et al. 
(2012). 
TOC and TIC measurements on powdered samples were conducted on a liquiTOC II 
analyser. The machine works in a non-isothermal mode and analyses the released CO2 
during heating with a non-dispersive infra-red detector (NDIR). TOC and TIC can be 
analysed during one temperature ramp without previous acidification. 
Rock-Eval pyrolysis measurements were performed on a Rock-Eval VI instrument 
(Espitalié et al. 1977).  
Specific surface area was measured with a Micromeritics GEMINI VI surface analyser. 
2.6 Results 
2.6.1 Sample characterisation 
Three argillaceous shales of the Bossier formation from two different wells were 
analysed in this study. Sample 2 was the same as the one used in the study Merkel et al. 
(2015) focussing on methane excess sorption as a function of pre-adsorbed water 
content. 
The mineral composition of the samples is listed in (Table 2.2). Clay contents range 
from 49.2 to 55.5 %, carbonate content between 9.3 and 12.2 %, quartz + feldspar 
contents between 30.2 and 38.8 %. TOC content ranges between 1.0 and 2.2 % and the 
organic matter of the samples was over-mature with VRr values between 1.5 and 2.2 % 
(Table 2.3). This observation is supported by the results of the Rock-Eval pyrolysis with 
very low S1 and S2 values indicating that the samples are in the gas generating stage.  
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Table 2.2: X-ray diffraction (XRD) results.  
Sample Quartz + Feldspars [%] Carbonates [%] Clays [%] Pyrite [%] Others [%] 
1 30.9 12.2 53.8 2.8 0.3 
2 30.2 9.5 55.5 2.6 1.1 
3 38.8 9.3 49.2 1.8 0.9 
Data of sample 2 are also published in Merkel et al. (2015) 
Table 2.3 Vitrinite reflectance (VRr), total organic carbon (TOC) content and Rock-Eval pyrolysis 
results.  
Sample VRr [%] TOC [%] 
S1 
[mg/g] 
S2 
[mg/g] 
S3 
[mg/g] 
HI 
[S2/TOC] 
OI 
[S3/TOC] 
1 2.0 1.3 0.11 0.37 0.96 30 76 
2 2.2 2.2 0.22 0.33 0.58 15 26 
3 1.5 1.0 0.20 0.53 1.00 54 102 
Data of sample 2 are also published in Merkel et al. (2015) 
2.6.2 Pore space analysis on unconfined samples 
The results of porosity measurements on unconfined conditions determined by MIP and 
He-pycnometry are summarised in (Table 2.4). Dry He-porosity values for the Bossier 
shale samples vary between 4.7 and 9.9 %, whereas MIP porosities are significantly 
lower ranging between 1.2 and 4.3 %. Sample 2 has the highest porosity followed by 
sample 1 and then sample 3. Stepwise drying of sample 2b in between the 
measurements showed that at least 40% of the “as received” pore space was filled with 
water. Specific surface area determined by low-pressure nitrogen adsorption range 
between 18.1 and 24.1 m2 g-1. 
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Table 2.4: Mercury intrusion porosimetry (MIP), BET specific surface area and He-pycnometry 
results. 
Sample 
MIP BET 
Plug Condition 
He-pycnometry 
φ	[%]	 Asp [m2 g-1] φ [%] ρsk [g cm-3] 
1 3.3 21.6 a dry 7.4 2.75 
2 4.3 24.1 
a dry 9.8 2.74 
b 
dry 9.9 2.75 
as received 5.3 2.66 
3 1.2 18.1 
a dry 5.3 2.73 
b dry 4.7 2.72 
He-pycnometry was performed on unstressed samples before in situ measurements 
Mercury intrusion curves indicate that the most prominent pore throat diameter is below 
the detection limit in the microporous range (diameter < 2 nm, IUPAC classification) 
(Figure 2.2). Sample 1 and 2 have very similar distributions with a significant amount 
of porosity in the macroporous range (diameter > 50 nm, IUPAC classification) whereas 
sample 3 does not contain a significant amount of macropores. 
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Figure 2.2: Results of MIP experiments. Equivalent pore throat diameter vs. differential intrusion 
volume (dashed lines) and surface roughness-corrected specific pore volume (dots) for all three 
samples. Most of the measured pore volume is within the mesoporous range (diameter between 2 
and 50 nm) whereas only a small fraction is in the macroporous range (diameter > 50 nm). 
Differential intrusion volumes show no maxima, indicating that the most prominent pore diameter 
are in the microporous range (diameter < 2 nm) below the resolution of MIP. 
2.6.3 Permeability coefficients of crushed samples as a function of water 
content 
Crushed-rock permeability coefficients for sample 1 and 2 decrease from the 100 nD 
range at dry conditions to less than 0.1 nD, i.e. over 3 orders of magnitude from dry to 
fully moisturized conditions (97 % RH, 100 % Sw). Sample 3 had lower permeability 
coefficients than sample 1 and 2, but showed a similar behaviour with a decrease by two 
orders of magnitude from 3.3 nD to 0.012 nD. Crushed-rock permeability decreased 
linearly with increasing water content until a threshold was reached (approximately 1.2 
mass % water content; 35 – 60 % Sw). Above this threshold saturation, increasing water 
content did not lead to further permeability decrease (Figure 2.3).  
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Figure 2.3: Crushed rock permeability coefficients (GRI method) decrease over 2-3 orders of 
magnitude with increasing water content until a sample-specific threshold is reached (at approx. 
1.3 % water content). 
2.6.4 Specific pore volume measurements as a function of effective stress 
The results of the stressed pore volume measurements at controlled effective stress are 
rather expressed in terms of specific pore volume (cm3 g-1) than porosity (Figure 2.4). 
Unloading of sample 1 from 30 to 5 MPa confining pressure resulted in a specific pore 
volume increase from 0.0220 to 0.0232 cm3 g-1. Samples 2 a, 2 b and 3 were unloaded 
from 40 MPa to 5 MPa. The specific pore volumes increased from 0.0211 to 0.0243 cm3 
g-1 and 0.0116 to 0.0123 cm3 g-1, respectively. 
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Figure 2.4: Stress-dependence of specific pore volumes of Bossier shale. Black triangles indicate 
results of individual gas expansion tests whereas circles indicate the mean of the expansions at one 
controlled stress level. Diamonds at “zero effective stress” are from He-pycnometry. 
For sample 2 b (“as received” conditions) also the loading cycle was measured (after 
stress relief). Specific pore volumes ranged between 0.0164 cm3 g-1 (40 MPa) and 
0.0175 cm3 g-1 (5 MPa). No hysteresis was observed and specific pore volumes at 40 
MPa had very similar values at the beginning and end of the load cycle. 
The changes in specific pore volume with effective stress could be fitted by an 
exponential function (Equation 2.2). The stress sensitivity factor α was highest for 
sample 2 a (dry) with -0.0033 MPa-1 followed by -0.0023 MPa-1 for sample 1 and -
0.0014 MPa-1 for sample 3. Sample 2 b in the “as received” state had an α value of -
0.0020 MPa-1. 
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2.6.5 Steady-state permeability measurements at controlled effective stress 
2.6.5.1 Apparent and Klinkenberg-corrected permeability coefficients for different 
gases – gas slippage effect 
Sample 1 had the highest measured apparent permeability values ranging from 21 to 86 
µD followed by sample 2 (0.9 to 14 µD) and then sample 3 (0.21 to 0.45 µD). With 
increasing pore pressure, apparent gas permeability coefficients decrease for all samples 
and measured gas types (Figure 2.5A) as a consequence of gas slippage (see chapter 
2.3.2.2).  
 
Figure 2.5: (A): Apparent permeability coefficients (measured with helium) as a function of mean 
pore pressure. (B), (C) and (D): Klinkenberg plots at 30 MPa confining pressure for samples 1, 2 
and 3, respectively. Apparent permeability coefficients at a given mean pore pressure decrease in 
the order He>>Ar≥N2≥CH4≥CO2>C2H6. 
For all samples, apparent permeability coefficients at a given pore and confining 
pressure decrease in the order He>>Ar≥N2≥CH4 (Figure 2.5B, C, D). This sequence is 
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directly correlated with the mean free path length λ of the gases which also decreases in 
the same order at a given pressure and temperature (Hirschfelder et al. 1954). 
Table 2.5 shows the Klinkenberg-corrected “intrinsic” permeability coefficients k∞. 
Even these corrected values show a decrease in the sequence He>>Ar≈N2≈CH4 at a 
given confining pressure (Table 2.5). The only exception is sample 3, which shows 
significantly higher Klinkenberg-corrected methane permeability coefficients. 
Table 2.5: Klinkenberg-corrected permeability coefficients and gas slippage factors. 
Sample 	 Gas 
Klinkenberg-corrected 
permeability k∞  [µD] Gas slippage factor b  [MPa] 
Confining pressure 10  20  30  40  10  20  30  40  
1 
He 69 31 24 na 0.11 0.15 0.18 na 
Ar 63 25 19 na 0.09 0.17 0.18 na 
N2 68 25 19 na 0.07 0.14 0.16 na 
CH4 64 24 19 na 0.11 0.13 0.15 na 
2  
He 4.27 2.47 1.29 0.64 0.56 0.70 1.12 1.38 
Ar 3.33 1.84 1.08 0.48 0.38 0.51 0.62 0.96 
N2 3.28 1.83 1.08 0.48 0.36 0.47 0.56 0.89 
CH4 3.21 1.85 1.04 0.52 0.36 0.44 0.60 0.68 
C2H6 1.58 0.92 0.38 na 0.39 0.45 0.79 na 
CO2 3.13 1.87 1.11 0.52 0.23 0.31 0.33 0.62 
3 
He 0.27 0.22 0.21 na 0.57 0.59 0.61 na 
Ar 0.22 0.19 0.18 na 0.32 0.35 0.31 na 
N2 0.23 0.18 0.18 na 0.28 0.34 0.30 na 
CH4 0.24 0.20 0.19 na 0.17 0.16 0.17 na 
na – not analysed. 
The sequence of slip factors b follows a similar trend as the apparent permeability 
sequence with some minor differences. Especially for sample 3 gas slippage factors b 
for CH4 are always significantly smaller than those for Ar and N2. 
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2.6.5.2 Stress-dependence of permeability 
Measurements of stress-dependence of permeability coefficients were performed upon 
unloading from high to low effective stresses (as for specific pore volume 
measurements). Apparent and Klinkenberg-corrected permeability coefficients increase 
with decreasing confining pressure as shown in Figure 2.6A for the helium 
measurements on sample 2. The same trend was found for all gas types and samples 
(Figure 2.6B, C, D).  
Klinkenberg-corrected permeabilitiy coefficients of sample 1 increase on average from 
20 to 66 µD (30 – 10 MPa), those of sample 2 from 0.5 to 3.4 µD (40 – 10 MPa) and 
those of sample 3 from 0.19 to 0.34 µD (30 – 10 MPa). The stress-dependence of the 
permeability coefficients was fitted by an exponential relationship (Equation 2.8) with 
the slope αk indicating the “stress sensitivity”. Sample 2 is the most stress sensitive 
sample with average αk values of -0.063 MPa-1 followed by sample 1 with -0.060 MPa-1 
and sample 3 with -0.012 MPa-1. 
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Figure 2.6: (A): Klinkenberg plots of sample 2 at various confining pressure levels. The y-intercept 
is the Klinkenberg-corrected permeability coefficient k∞, which increases with decreasing confining 
pressure. (B), (C) and (D): Klinkenberg corrected permeability coefficients k∞ as a function of 
confining pressure for different gases. At one controlled confining pressure level, Klinkenberg-
corrected permeabilities decrease in the order He>>Ar≈N2≈CH4≈CO2>C2H6. Sample 3 shows a 
different behaviour, where k∞ of CH4 is significantly higher than k∞ of N2 and Ar. 
2.6.5.3 Stress-dependence of slip factor b 
Figure 2.7 A shows a comparison of the stress dependence of the slippage factors b for 
helium. Gas slippage factors decrease on average upon unloading for sample 1 from 
0.17 to 0.09 MPa (30 – 10 MPa) and for sample 2 from 0.89 to 0.38 MPa (40 -10 MPa).  
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Figure 2.7: (A): Helium gas slippage factors of Bossier shale samples as a function of confining 
pressure. (B), (C) and (D): Gas slippage factors as a function of confining pressure for different 
gases. At one controlled confining pressure level, gas slippage factors decrease in the order 
He>>Ar≈N2≈CH4>C2H6>CO2 with some scatter in sample 1 (B). For sample 3 (D) the CH4 slippage 
factor is significantly lower than the other gases. Gas slippage factors decrease with increasing 
confining pressure for samples 1 and 2 whereas they are stress-insensitive for sample 3. 
Slip factors of sample 3 are almost insensitive to stress and change from an average 
value of 0.35 (30 MPa) to 0.36 (20 MPa) and back to 0.34 MPa (10 MPa) (Figure 2.7B, 
C, D). The stress-dependence of the slippage factor (Equation 2.10) was fitted for each 
gas by an exponential relationship similar to the stress dependence of the permeability 
coefficients (Equation 2.8) with: 𝑏 = 𝑏! ∙ 𝑒∝!∙!!         (2.10) 
Here b0 (Pa) is the gas slippage factor at zero effective stress and αb (Pa-1) an adjustable 
parameter (compressibility coefficient) indicating the sample’s “stress sensitive” 
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slippage behaviour.  Sample 1 is the most stress-sensitive sample with average αb values 
of 0.031 MPa-1 followed by sample 2 with 0.030 MPa-1 and sample 3 with 0.001 MPa-1. 
2.7 Discussion 
2.7.1 Stress dependence of the specific pore volume 
Measurements of pore volume at relevant in situ stress conditions are important to 
reasonably predict gas storage capacities. When using unconfined measurement 
techniques, pore compressibility effects are usually neglected, which leads to an 
overestimation of porosity and, therefore, gas storage capacity. 
The specific pore volume measurements at a given stress level are of very good data 
quality with a high reproducibility, especially for dry sample plugs with large pore 
volumes (Figure 2.4). Using the exponential best fit (Equation 2.2) stress sensitivity of 
specific pore volume varies between -0.0014 and -0.0033 MPa-1. 
Specific pore volume extrapolated to zero effective stress Vsp,0 can be compared to He-
pycnometry measurements which were done on the same plugs at unconfined 
conditions. It has to be noted that not all Vsp,0 values can be compared to unstressed 
measurements made before installation (Table 2.4), because sample 3 and sample 2 
(dry) were compacted during installation upon loading. Therefore, Table 2.6 shows the 
unstressed porosity values determined directly after stressed measurements. 
Extrapolated zero stress porosities (or specific pore volumes) are 19 to 20 % smaller for 
sample 1 and 2 and 11 % smaller for sample 3 compared to porosities (specific pore 
volumes) measured on unconfined/unstressed samples (Table 2.6). This large difference 
even increases to 23 – 26 % (sample 1 and 2) and 15 % (sample 3) as stress is increased 
to 30 MPa. Similar trends are reported by Ghanizadeh et al. (2015a) for the Duvernay 
shale, where porosity under an effective stress of 12.97 MPa was 8 – 15 % lower than 
under unconfined conditions. This contrasts observations made on low permeability 
sandstones where unstressed porosity values tend to be within 95 % of those under 
stressed reservoir conditions (Byrnes 1997). 
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Table 2.6: Comparison of confined (extrapolated to zero stress) and unconfined (He-pycnometer) 
specific pore volume/porosity values 
Sample Plug Condition 
Confined                            
(flow-cell) 
Unconfined   
(He-pycnometer) 
Deviation at 
zero stress 
Vsp,0 α φ,0 Vsp φ  
[cm3 g-1] [MPa-1] [%] [cm3 g-1] [%] [%] 
1 a dry  0.0234 -0.0023 5.8 0.0282 7.2 19 
2 
a dry  0.0240 -0.0033 5.9 0.0295 7.5 19 
b as received 0.0177 -0.0020 4.4 0.0219 5.5 20 
3 b dry  0.0123 -0.0014 3.2 0.0138 3.6 11 
 
The reasons for this discrepancy may be: (1) Limited accessibility of the pore space 
under stressed conditions because the cylinder surface of the plug is sealed, whereas it is 
open for gas intrusion during unconfined measurements. (2) Closure of pore volume at 
low effective stresses < 5 MPa. 
Point (2) seems to be the most likely explanation implying that the exponential best fit 
is not valid over the entire effective stress range. Sample 2 (dry) shows this behaviour 
within the measuring range with a steep specific pore volume increase from 10 MPa to 
5 MPa which results in a high stress sensitivity and a poor exponential best fit (R2=0.85) 
(Figure 2.4).  
Zheng et al. (2015) propose a division of porosity of low-permeable rocks into hard and 
soft proportions where the soft part corresponds to slit-like pores and microcracks. Slit-
like pores and microcracks experience relatively large deformation at low effective 
stress ranges and are negligible at high effective stresses (Shanley et al. 2004). 
2.7.2 Stress sensitivity of permeability 
Information on the stress sensitivity of permeability is important because: (1) It is a 
necessity to predict permeability at in situ conditions as effective stress changes with 
reservoir depth and (2) to predict permeability during gas production when pore 
pressure decrease results in an increasing effective stress. Stress sensitive shales are in 
general unfavourable, because they usually show a steeper decline curve during shale 
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gas production than less stress sensitive shales (Pathi 2008, Chalmers et al. 2012b, 
Gensterblum et al. 2014). 
Stress sensitivity coefficients for shale permeability cover a wide range. They are 
usually below 0.05 MPa-1, but may be as high as 0.5 MPa-1 (Schlömer & Krooss 1997, 
Kwon et al. 2001, Pathi 2008, Chalmers et al. 2012b, Tinni et al. 2012, Ghanizadeh et 
al. 2014a, b, McKernan et al. 2014). Even with a “low” coefficient of 0.05 MPa-1, 
permeability coefficients change by approximately one order of magnitude upon an 
increase of effective stress from 0 to 46 MPa. 
Stress sensitive behaviour may be correlated to soft shale components (clay and 
organics), whereas rigid minerals (quartz, carbonate) are less stress sensitive. 
Gensterblum et al. (2015) compiled literature data and compared stress sensitivity 
coefficients to shale components. They found no general relationship and argue that 
different transport processes are operating in clay-, quartz and organic matter-rich 
samples as well as in microfractures. For distinct sample suites from the same formation 
and location, however, Ghanizadeh et al. (2014b) and Chalmers et al. (2012b) showed 
that samples with higher clay and lower carbonate content are more stress sensitive than 
low clay and high carbonate content samples. This is in agreement with our 
observations where the more clay-rich samples 1 and 2 are more stress sensitive than 
sample 3 in terms of permeability and also specific pore volume. 
2.7.3 Stress sensitivity of gas slippage – reflecting changes in pore 
structure 
Gas slippage measurements can provide information on the effective transport pore 
system (Letham & Bustin 2015) (see chapter 2.3.2) and insights into pore structure 
changes, which influence transport properties.  
With increasing effective stress the average transport pore diameter is expected to 
decrease, and therefore gas slippage should increase. This is the case for sample 1 and 2 
whereas gas slippage of sample 3 is almost unaffected by stress changes.  Ghanizadeh et 
al. (2013), Letham & Bustin (2015) and Soeder (1988) in contrast reported decrease of 
gas slippage with increasing stress, which is counter-intuitive. Letham & Bustin (2015) 
attribute this to the cut-off of smaller pores – which are most prone to gas slippage - 
from the effective flow path.  
Chapter 2: Stress dependence of porosity and permeability of the Upper Jurassic Bossier Shale – an 
experimental study 
   33 
 
Figure 2.8: Gas slippage factor b and Klinkenberg-corrected permeability at different stress states. 
Samples 1 and 2 follow the same permeability-slippage trend whereas sample 3 has lower 
permeability coefficients and nearly constant gas slippage factors. 
As the decrease in average transport pore size tends to reduce permeability, gas slippage 
factors often show a negative correlation to permeability, which is valid over a large 
range of permeability coefficients (e.g. Letham & Bustin 2015, Jones & Owens 1980). 
In Figure 2.8 Klinkenberg-corrected helium permeabilitiy coefficients are plotted 
against gas slippage factors for all samples and stress levels. Samples 1 and 2 show 
similar behaviour and plot on one trend line over several orders of magnitude indicating 
a similar transport pore system, similarly affected by effective stress changes. In 
contrast, permeability coefficients of sample 3, although having the same gas slippage 
factor, are more than one order of magnitude lower than those of sample 2. This 
variation has also been observed for Eagle Ford shale, where permeability varied by 
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more than two orders of magnitude at a similar gas slippage factor (Letham & Bustin 
2015). If transport pathways of samples with different permeabilities have similar mean 
hydraulic radii (for tubular pores) or slit widths as indicated by similar gas slippage 
factors, then other parameters cause the permeability difference. These could be a 
combination of many factors such as the effective transport porosity, the number and 
size distribution of transport pores, pore shape and tortuosity.  
2.7.4 Sensitivity of permeability to stress-induced specific pore volume 
changes 
Permeability is controlled by the transport pore system, which is stress-dependent in 
terms of connectivity, tortuosity and pore size. Stress-induced changes in specific pore 
volume will therefore invariably lead to changes in permeability. The sensitivity of 
permeability to changes in pore volume can be described by a power law with the 
porosity sensitivity exponent m (David et al. 1994): 
!!!!,! = !!"!!",! !          (2.11) 
As both, the specific pore volume and the Klinkenberg corrected permeability are 
expressed as exponential relationships with exponents α and αk, respectively, the 
porosity sensitivity exponent can be formulated as m = αk /α. m can also be determined 
directly from the stress dependent poro-perm relationship as m is the exponent of the 
power law best fit result (Figure 2.9).  
Values for m are 27.4 for sample 1, 26.7 for sample 2 and 8.1 for sample 3. For a suite 
of silty shales Dong et al. (2010) found porosity sensitivity exponents between 10 and 
54 upon unloading. All exponents for shales are considerably higher than for sandstones 
(m between 2 and 5) (David et al. 1994, Dong et al. 2010). This reflects the observation 
that small changes in pore volume result in larger permeability changes within shales 
than in sandstones. A reason for this behaviour may be the closure of stress-sensitive slit 
pores and microcracks (Dong et al. 2010). Therefore, it can be argued that gas flow 
through these shales is extremely focused along stress-sensitive pathways that control 
fluid flow. As indicated by the large m values, these pathways constitute a minor 
proportion of the pore volume. Therefore, the rest of the pore volume, which is the 
largest proportion of the pore space, does not contribute significantly to fluid transport. 
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Figure 2.9: Klinkenberg-corrected permeability coefficients (measured with helium) as a function 
of specific pore volume. The slope “m” in this semi-logarithmic plot is termed porosity sensitivity 
exponent. 
Most theoretical models that relate permeability to porosity, e.g. the Kozeny-Carman 
equation, have small porosity sensitivity exponents, m, ranging between 3 and 5 (Rieke 
& Chilingarian 1974, David et al. 1994). Therefore, our data with large m values 
suggest that these permeability-porosity relationships are of limited value for gas shales. 
2.7.5 Effect of gas type on permeability measurements 
The Klinkenberg-corrected permeability coefficient (often interpreted as “intrinsic” 
permeability coefficient) is, by definition, a material property of the porous medium (at 
a given stress). Therefore, it should be independent of the permeating fluid (Civan 2010, 
Civan et al. 2012). However, fluids tend to interact with surfaces to different degrees as 
evidenced by adsorption. These effects have to be considered in experiments (Cui et al. 
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2009). For example in coals, it was observed that Klinkenberg-corrected permeability 
coefficients measured with sorbing gases (CH4, CO2) may be significantly lower than 
those measured with non-sorbing gases (He, Ar, N2). This could be due to swelling of 
the coal matrix or narrowing of transport pore perimeters by adsorbed molecules (Han 
et al. 2010, Chen et al. 2011, Busch & Gensterblum 2011, Adeboye & Bustin 2013, 
Gensterblum et al. 2014). Similar results were obtained for organic-rich shales, 
especially with TOC contents > 5 % (Ghanizadeh et al. 2013, 2014a, b, Sinha et al. 
2013). Moreover, even after slip-flow correction measured helium permeability 
coefficients are usually several times higher than those of all other gases. This has often 
been attributed to a “molecular sieving” (size exclusion) effect which allows pores only 
to be filled by molecules of certain diameter. As helium has a much smaller molecular 
diameter than other gases (He = 0.29 nm, Ar = 0.39 nm; N2 = 0.42 nm; CH4 = 0.43, CO2 
= 0.44; after Halpern & Glending (1996)), “molecular sieving” is often interpreted to 
enhance helium flow during permeability experiments (Ross & Bustin 2007, Cui et al. 
2009, Adeboye & Bustin 2013).  The commonly observed sequence of permeability 
coefficients measured with different gases, also found in this study, is: 
He>>Ar≥N2≥CH4≥CO2 
Here, it is important to mention that the classical Darcy equation for compressible 
media (Equation 2.3) derived based on the ideal gas law and the sequence may reflect 
the non-ideality of the gases (N2, CH4, and especially CO2 and C2H6) as a bias from the 
evaluation procedure itself (determination of apparent permeability coefficients) 
(Gensterblum et al. 2014). Moreover, non-linearity of the Klinkenberg plot (concave 
down Klinkenberg plots; e.g. Figure 2.5B) and the possible inability of Klinkenberg’s 
equation for tight porous media to accurately predict intrinsic permeabilities may also 
cause a sequence of gases as a bias from the evaluation procedure itself (Moghadam & 
Chalaturnyk 2014). In this study we extended the range of measuring gases to ethane 
(C2H6) and found that this gas always yielded the lowest permeability coefficients. The 
only exception of the sequence is the high Klinkenberg-corrected CH4 permeability and 
unexpectedly low gas slippage factors for sample 3 (Figure 2.6D, Figure 2.7D). These 
result from an increase of apparent gas permeability coefficients at high pore pressure 
leading to deviations from the linear Klinkenberg correlations (Figure 2.5D). The reason 
for the observed behaviour is unknown. Ar/CH4 permeability ratios were used to study 
the effect of methane sorption on permeability (Ghanizadeh et al. 2013) because an 
adsorbed methane layer is expected to reduce effective transport radii (Sakhaee-Pour & 
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Bryant 2012). The Ar/CH4 permeability ratios for the Bossier shale indicate that 
sorptive effects can be neglected, which is in general agreement with the low TOC 
contents and the small proportion of pores within the organic matter (Klaver et al. 
2015a; cf. Chapter 2.7.6).  
To investigate potential effects of gas type on the stress sensitivity of gas permeability 
and gas slippage, we compared the fitted parameters of the exponential functions 
(Equation 2.8 and 2.10) for all samples and gases (Figure 2.10). The data show that 
there is no regular dependence of stress sensitivity factors on gas types but rather a 
random scattering around mean values. Therefore, stress sensitivity of permeability 
coefficients and gas slippage factors can be considered independent of the gas type. 
Thus, extrapolation of slip flow-corrected permeability coefficients and gas slippage 
factors to zero effective stress to obtain k∞,0 and b0 values should not affect/change the 
order of these parameters for the individual gas types. Figure 2.10 shows that 
extrapolation does usually not change the sequence of gases measured at distinct 
confining pressure levels. However, if sequences are not consistent at different 
confining pressure levels, the inconsistency persists upon extrapolation (e.g. Sample 1: 
k∞,0 N2 > He; b0 CH4 > He). 
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Figure 2.10: Overview of parameters describing the stress dependence of permeability and gas slippage for different gases. k∞,0: extrapolated zero stress permeability; αk: 
stress sensitivity of permeability coefficient (Equation 2.8); b0: extrapolated zero stress slip factor; αb: stress sensitivity of gas slippage factors (Equation 2.10).  
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2.7.6 Comparison with pore structure information from SEM and MIP 
SEM methods have been widely used to characterize gas shales in terms of pore size 
distribution, pore morphology and microstructure (e.g. Loucks et al. 2009, Chalmers et 
al. 2012a, Curtis 2012a, b, Klaver et al. 2015a). This information can be used to link 
pore structure to mineralogy. The analysis are, however, conducted on unstressed 
samples and small areas < 2 mm2 with a practical resolution limit in the order of tens of 
nanometers (nm). 
Klaver et al. (2015a) studied Bossier and Haynesville shales in detail using the BIB-
SEM method. Their Bossier shale sample SHSI 6-2 (clay = 55 %, Q+ F = 32 %, 
carbonates = 13 %, TOC = 1.3 %, MIP porosity = 4.4 %) has a very similar composition 
as samples 1 and 2 investigated in our study and is therefore used here to compare the 
results of the two approaches. The Bossier shale sample investigated by Klaver et al. 
(2015a) is characterized by the following microscopic features: 
• Low visible porosity < 0.2 %; 
• Visible porosity predominantly occurring in the clay-rich matrix (70 %) and 
carbonates (25 %) and only negligible porosity associated with organic matter; 
• Pores have an elongation (1 – width/length) of 0.65 – 0.70   and are 
preferentially oriented sub-parallel to bedding in clays and carbonates; 
• Largest pores are 1.6 µm in diameter and pore size distribution follows a power 
law. 
For comparison with pore sizes derived from BIB-SEM and MIP, the gas slippage 
factors from our permeability measurements were converted into effective transport 
pore diameters and slit widths using Equation 2.6 and 2.7 (Table 2.7). Effective pore 
sizes derived from slippage measurements decrease by a factor of 2 – 3 from the 
unstressed state to effective stresses of 30 – 40 MPa (Figure 2.11). The unstressed pore 
sizes obtained from extrapolation of our experimental data were then compared to BIB-
SEM and MIP-derived pore sizes. As pores are elongated, we assume that slit shape 
pores are more representative than circular pores. The calculated unstressed effective 
slit width is approximately 0.3 µm for sample 2 and 1.2 µm for sample 1. These values 
are in the order of pore sizes observed with the BIB-SEM method (Klaver et al. 2015a). 
The results of our gas slippage measurements result in a weighted average of pore sizes 
responsible for transport. The proportion of the pore space that does not contribute to 
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transport is definitely not detected by these measurements. This is highlighted for 
sample 1 which shows visible bedding-parallel microfractures, which may be artificial 
(due to stress release, sample preparation, drying). These may not represent the matrix 
system of the shale samples, but will be included into the average transport pore size, if 
they are not closed completely by the effective stress. In contrast, during pore 
segmentation of SEM images, artificial fractures are usually excluded from the pore 
interpretation. Therefore, large discrepancies between SEM pore sizes and effective 
transport pores from slippage measurements may indicate extremely localized flow 
along microfractures. Sample 2 also shows large average transport pore diameters (300 
nm) when compared to BIB-SEM results. One should keep in mind that the visible 
porosity is only 0.2 % as compared to MIP (3 - 5 %) and He-pycnometry (7 – 10 %).  
That would imply that if transport in sample 2 occurs through the matrix, transport 
would be focused in the macroporosity (d > 50 nm) that constitutes an extremely small 
portion of the sample’s pore volume. Alternatively sample 2 could also contain small, 
undetected microfractures controlling the flow behaviour. 
MIP pore size distributions indicate a significant proportion of macroporosity in sample 
1 and 2, which is not in accordance with the BIB-SEM results.  This is even more 
striking as sample 3 has similar effective transport diameters as sample 2, but shows 
significantly lower macroporosity. One reason could be that MIP is of limited value for 
pore structure analysis of “soft” shales. Using BIB-SEM Klaver et al. (2015b) showed 
that high-pressure Wood’s metal injection into Haynesville shale almost exclusively 
filled cracks while most of the pore space was not intruded by the alloy. An additional 
caveat in the interpretation of MIP data of shale samples is that the high mercury 
pressures may create significant artefacts due to compression of void pores by high 
local effective stresses (Hildenbrand & Urai 2003).  
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Table 2.7: Calculated cylindrical transport pore diameters (Equation 2.6) and effective slit widths (Equation 2.7) for various gases and confining pressures. 
Sample Pc [MPa] 
Transport pore diameter [nm] Slit width [nm] 
He Ar N2 CH4 Mean 
Std. 
dev. 
He Ar N2 CH4 Mean 
Std. 
dev. 
1 
30 573 260 286 268 347 151 1091 398 429 374 573 346 
20 688 276 322 317 401 193 1311 422 481 443 664 432 
10 999 550 648 382 645 260 1902 841 970 534 1062 590 
2 
40 79 51 53 61 61 13 146 75 76 82 95 34 
30 97 78 83 69 82 12 179 116 120 94 127 36 
20 157 95 98 94 111 30 289 141 142 127 175 76 
10 196 129 131 116 143 36 361 191 189 157 225 93 
3 
30 172 149 151 232 176 39 328 228 226 324 277 57 
20 180 134 133 245 173 52 343 205 200 341 272 81 
10 184 144 160 238 182 41 350 220 240 332 286 65 
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Figure 2.11: Effective transport slit width as a function of confining pressure. 
2.7.7 Comparison of stressed and unstressed (GRI) permeability data 
Unstressed permeability coefficients obtained by the GRI-method on dry sample plugs 
are consistently lower than confined permeability measurements extrapolated to zero 
effective stress, even though slip flow was not considered in the GRI evaluation (Figure 
2.12). The discrepancy increases with increasing permeability. Permeability is a 
directional parameter and this is not accounted for in the GRI procedure as gas is 
allowed to penetrate the sample from all sides (omnidirectionally) giving a mean value 
rather than a directionally resolved permeability. In contrast, the confined permeability 
measurements in this study were performed parallel to bedding. For shales, these values 
tend to be higher by up to 2 orders of magnitude than permeability coefficients 
perpendicular to bedding (e.g. Gensterblum et al. 2015). 
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Figure 2.12: Comparison of extrapolated zero-stress permeability coefficients (from flow-cell 
measurements) and GRI measurements on cuttings and plugs. 
Crushing of shale to small particle sizes is generally assumed to remove microfractures, 
which may be present in plugs (Luffel et al. 1993, Cui et al. 2009, Handwerger et al. 
2011, Tinni et al. 2012). This is why the GRI permeability on crushed samples is 
generally considered to yield matrix permeability values. Nevertheless, microfractures 
can still be observed in small shale particles (Tinni et al. 2012). Crushing decreases GRI 
permeability coefficients by fracture removal significantly by 1 – 2 orders of magnitude 
(Figure 2.12), which was also observed by other authors (Cui et al. 2009, Tinni et al. 
2012). The crushed rock permeabilities are in accordance with the pore size distribution 
data from MIP, with sample 1 and 2 having similar pore size distributions and 
permeabilities in contrast to sample 3.  
It is likely that samples 1 and 2 contain a significant portion of microfractures 
enhancing fluid flow that are not representative of the matrix pore space. The influence 
of undetected fractures (due to unloading or drying) at various scales might create a 
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significant bias on plug permeability measurements, especially in shales.  It is evident 
that these fractures do not completely close as often proposed, even at high effective 
stresses. 
2.7.8 Implications for gas storage 
Gas in shale systems is stored as free gas in the open pore space, as sorbed gas and 
(possibly to some extend) dissolved in water. Due to the closure of stress-sensitive 
pores (possibly slit- shaped pores and microfractures) at increasing effective stress, 
storage porosity will decrease, which is especially pronounced for shales with a large 
proportion of “soft” porosity at low effective stress < 5 MPa (see above). When relying 
on unstressed porosity data, free gas storage capacity will be overestimated. In 
combination with the pore compressibility above 5 MPa this may add up to a bias as 
high as 30 % for the dry samples analysed here, depending on the effective stress. Note 
that gas shales may have a large range of water saturations, which has not been taken 
into account in this study. Measured water saturations for the Bossier shale are between 
10 and 100 % with average values of 60 % (Hartigand 2014).  
Figure 2.13 shows the calculated free gas storage capacity for methane (ϕ,0 = 0.05; 
geothermal gradient = 30 K km-1; hydrostatic pressure gradient = 1 MPa km-1, 
lithostatic pressure gradient 2.7 MPa km-1; dry condition) as a function of reservoir 
depth calculated based on the exponential stress dependent specific pore volume 
relationship (Equation 2.2). Here, the rapid decline at low effective stress < 5 MPa was 
not taken into account explicitly. Deviation of gas storage capacity from the “stress-
invariant porosity” case (porosity is constant) increases for higher pore compressibility 
values and reservoir depth. High pore compressibility values result in a maximum in the 
free gas storage capacity curve, because at a certain reservoir depth compression of pore 
space by the effective stress outweighs the effect of increasing pore pressure.  
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Figure 2.13: Methane gas storage capacity of the pore space (free gas) as a function of reservoir 
depth for different stress sensitive cases.  
2.8 Conclusions 
Combining the analysis of specific pore volume, permeability and gas slippage as a 
function of effective stress is an indispensable approach to achieve a better 
understanding of transport and storage properties of gas shales. The experimental results 
presented and discussed here document the scope of information on stress-induced pore 
structure changes in shale that can be extracted from experimental data. Whereas 
specific pore volume changes detect the decrease of total pore volume with effective 
stress, gas slippage measurements reveal changes in effective transport pore sizes. In 
combination with stress-induced permeability changes, they allow a more complete 
characterization of the effective pore volume and its geometry that is the controlling 
factor for fluid flow, and its response to changing stress conditions (e.g. during shale 
gas production). 
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Based on the observations presented here for three dry Bossier shale samples, the 
following conclusions can be drawn: 
• Measured permeability coefficients vary by more than 2 orders of magnitude 
(0.21 – 86 µD) with gas slippage factors b varying over one order of magnitude 
(0.09 – 0.89 MPa); 
• Two of the samples analysed (1 and 2) have similar microfracture or slit-shape-
dominated pore systems, which are highly sensitive to effective stress changes. 
Flow in such a system occurs only in a small portion of the pore space. Effective 
transport pore space volume and slit aperture are preferentially reduced by 
increasing stress, as indicated by porosity sensitivity factors (m) as high as 27;  
• One sample (3) was found to be less stress-sensitive and the relative effects of 
stress on the transport pore system compared to the entire pore volume were 
weaker (porosity sensitivity factor m = 8). Here, the permeability decrease with 
stress appears to be rather controlled by redistribution of flow due to increase of 
tortuosity and not by decreasing transport pore size; 
• For reliable and realistic free gas storage capacity estimates, porosities of shales 
measured at ambient condition need to be corrected for effective stress effects. 
Failure to correct for this effect can result in a bias/overestimation of the free gas 
storage capacity by up to 30 %; 
• Klinkenberg-corrected gas permeability coefficients depend on the permeating 
fluid. They decrease in the order He>>Ar≥N2≥CH4>CO2>C2H6. The type of 
permeating gas does not affect stress sensitivity; 
• Crushed-rock permeability coefficients decrease linearly over up to 3 orders of 
magnitude with increasing water content until a sample-specific threshold is 
reached. 
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3 APPARENT PERMEABILITY 
OF GAS SHALES – 
SUPERPOSITION OF FLUID-
DYNAMIC AND PORO-
ELASTIC EFFECTS 
“Your assumptions are your windows on the world. Scrub them off every once in a 
while, or the light won’t come in.” – Isaac Asimov 
 
Keywords: apparent permeability; gas transport; Klinkenberg effect; stress; 
unconventional reservoir; shale gas 
3.1 Abstract 
The permeability of low-permeable gas shales is affected by both, fluid-dynamic (slip 
flow) and poro-elastic effects over a large pore pressure range. To analyse and separate 
the influence of these superposed effects, an apparent permeability model has been set 
up. The model’s poro-elastic and fluid-dynamic parameters were adjusted 
simultaneously to match own experimental data for an intact Bossier Shale (“matrix”) 
sample, a fractured Haynesville Shale sample and previously published literature data. 
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The effective stress - permeability relationship can only be described by a modified 
effective stress law (σ' = Pc – χ Pp). Here the fitted permeability effective stress 
coefficients χ, were consistently ≤ 1, indicating that pore pressure has a lesser influence 
on effective stress than confining pressure. Fluid-dynamic gas slippage effects were 
found to be significant up to pore pressures of 20 MPa in low permeable (< 10 µD) 
matrix samples. 
Pitfalls in the separation of fluid-dynamic and poro-elastic effects are wrong a priori 
assumptions. These are neglecting gas slippage above a certain pore pressure and 
assuming effective stress conditions to be constant in the Klinkenberg evaluation. 
Ignoring gas slippage in the evaluation of stress effects results in underestimation of χ 
values whereas undetected stress effects (by wrong a priori χ values) lead to incorrect 
predictions of the fluid-dynamic effects with increasing pore pressures. 
The predictions of the apparent permeability model were validated and checked for 
consistency and plausibility by (1) visualization in a k(Pp, Pc) diagram, (2) preparation 
of Klinkenberg plots over large pore pressure ranges (> 10 MPa) and (3) analysis of the 
different slippage behaviour of He and Ar.  
The apparent permeability model predicts that during depletion of a shale gas reservoir 
apparent permeability passes through a minimum in the pressure range from 2 to 10 
MPa due to the transition from a poro-elastic to a fluid-dynamic dominated realm.  
3.2 Introduction 
Economic production from unconventional shale gas reservoirs relies on multi-fractured 
horizontal wells producing from natural fractures, artificially created hydraulic fractures 
and the low-permeable shale matrix. Flow to the well occurs at various time scales from 
early flow-back production of water from hydraulically stimulated fractures to long-
term (online) production from natural fractures and the shale matrix. While induced and 
artificial fracture permeability may control flow in the early phase of a well, it is matrix 
permeability that controls long-term well performance (Javadpour et al. 2007, Bustin & 
Bustin 2012, Clarkson et al. 2016). 
Understanding the controls on permeability at relevant length scales (from 10 -100 m in 
fractures to nm in the shale matrix) with depletion of a well is a key requirement for 
accurate production forecasting. Especially the ultra-fine pore structures of gas shale 
and their high compressibility make the identification and quantification of basic 
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processes affecting matrix transport more complex compared to conventional systems 
(Javadpour 2009, Clarkson et al. 2012b, Gensterblum et al. 2015, Clarkson et al. 2016).  
Processes affecting gas permeability of shale are multi-phase flow (gas - water - 
condensate), gas adsorption/desorption, poro-elastic effects (stress-dependent 
permeability behaviour) and fluid-dynamic rarefaction effects (slip flow). These 
partially inter-linked and interdependent processes may occur simultaneously. The 
separation of their relative importance and magnitude at various length and time scales 
is the objective of intense research including fluid-flow modelling, production-based 
techniques and lab-based fluid-flow experiments on shale rock. This paper focuses on 
the poro-elastic und fluid-dynamic effects associated with the successive depletion of 
shale gas reservoirs during production, and its implications on apparent permeability 
data interpretation. 
Gas transport in fine-grained rocks shows distinct deviations from Darcy’s law due to 
the occurrence of a pressure-driven diffusive slip flow component. Pore pressure 
drawdown during depletion of a shale gas reservoir causes changes in apparent 
permeability coefficients related to poro-elastic and fluid-dynamic effects (Figure 3.1) 
(Clarkson et al. 2012b, Gensterblum et al. 2015, Nazari Moghaddam & Jamiolahmady 
2016b). At a given depth (constant lithostatic pressure), pore pressure decline decreases 
the poro-elastic Darcy-contribution due to increasing effective stress whereas it 
increases the fluid-dynamic gas slippage contribution due to an increase in the mean 
free path length (dashed lines). The superposition of both antagonistic (counteracting) 
effects theoretically leads to a distinct minimum (solid line). Yet, the pore and confining 
pressure ranges at which fluid-dynamic and poro-elastic effects overlap and one may 
dominate matrix permeability evolution has not been investigated experimentally. 
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Figure 3.1: Poro-elastic and fluid-dynamic superposition effects on matrix gas permeability during 
reservoir depletion (modified from Gensterblum et al. 2014). Pore pressure decline decreases the 
poro-elastic Darcy contribution due to increasing effective stress whereas it increases the fluid-
dynamic gas slippage contribution due to an increase in the mean free path length (dashed lines). 
The superposition of both effects theoretically leads to a distinct apparent permeability minimum 
(solid line). At which pore and confining pressures fluid-dynamic and poro-elastic effects overlap 
and one may dominate matrix permeability evolution in gas shales has not been shown on 
experimental data, yet. Note that the absolute gas slippage contribution directly depends on the 
“intrinsic” Darcy contribution and the stress-dependent transport pore diameter. 
The dependence of permeability on effective stress is a known property of shale and has 
been studied by numerous authors (e.g. Dewhurst et al. 1999, Kwon et al. 2001, Pathi 
2008, Dong et al. 2010, Chalmers et al. 2012b, Tinni et al. 2012, Sinha et al. 2013, 
Ghanizadeh et al. 2014a, b, Heller et al. 2014, Letham & Bustin 2015, Fink et al. 
2017a, and references therein). The resulting permeability effective stress laws almost 
exclusively assume that Terzaghi’s principle is valid implying that effective stress can 
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simply be expressed as the difference between confining and pore pressure (σ’Terzaghi = 
Pc – Pp). However, Heller et al. (2014) and Letham & Bustin (2015) by measuring gas 
permeability coefficients over a large range of pore and confining pressure showed that 
the influence of pore pressure on effective stress is supressed compared to confining 
pressure. Therefore, they used a modified effective stress expression by introducing the 
permeability effective stress coefficient χ (σ' = Pc – χ Pp) which was found to be < 1. 
This is of great importance as during reservoir depletion the confining pressure is 
constant and stress dependent permeability changes become a function of χ and Pp. 
The fluid-dynamic gas slippage contribution to apparent permeability is a function of 
the mean free path of the gas, the characteristic length of the transport pore system and 
the “intrinsic” permeability (only Darcy flow). All three may change with changing 
pore and stress conditions during shale gas production and in laboratory fluid flow 
experiments. The gas slippage effect becomes more pronounced for gases with small 
molecular size and with lower pore pressure, higher temperature and smaller transport 
pore sizes. In conventional reservoirs fluid-dynamic effects are not of practical 
relevance, as mean transport pore diameters are sufficiently large, so that flow at 
reservoir pressure is very unlikely to occur in the slip flow region (Klinkenberg 1941). 
In contrast, mean transport pore diameters in the matrix of gas shales may be low 
enough to allow slip flow to significantly increase matrix permeability when pore 
pressure is decreased, especially during late-stage production near the well-bore 
(Clarkson et al. 2012b).  
Correctly isolating stress and flow regime effects in shale from laboratory apparent 
permeability data is of great importance to be able to extrapolate experimental results to 
realistic in situ conditions and to validate theoretical apparent permeability models (e.g 
Florence et al. 2007, Civan 2009, Civan et al. 2011, Fathi & Akkutlu 2013, Kazemi & 
Takbiri-Borujeni 2015). Unfortunately, superposition effects are often not realised 
which can lead to misleading predictions (Letham & Bustin 2016). For reliable 
separation of effects, apparent permeability in the laboratory needs to be measured over 
a wide range of pore and confining pressures (Heller et al. 2014).   
In this study we investigate the superimposed poro-elastic and fluid-dynamic apparent 
permeability behaviour of gas shales with the following objectives: 
• Experimental measurements of apparent permeability with various gases; 
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• Test and validate different approaches for separation of fluid-dynamic and poro-
elastic effects; 
• Extrapolate the experimental results to in situ reservoir conditions to investigate 
apparent permeability evolution during reservoir depletion;  
• Identify at which pore pressures fluid-dynamic or poro-elastic effects are 
dominating. 
3.3 Theory 
3.3.1 Effects of flow regime on permeability (fluid-dynamics) 
Gas flow in shale within the reservoir and under experimental conditions takes place at 
different time and length scales. The fluid flow regime generally depends on the fluid 
type, P-T conditions, pore/fracture size and flux. They include the following: 
• Turbulent non-Darcy flow near the wellbore and in fractures; 
• Darcy flow in fractures and macro-pores; 
• Slip flow and Knudsen diffusion in macro-, meso- and micropores. 
Non-Darcy turbulent flow occurs at high flow velocity, when inertial and turbulent 
effects become important (Rushing et al. 2004). The flow regimes between Knudsen 
diffusion and Darcy flow are identified by the dimensionless Knudsen number: 𝐾𝑛 =  !!           (3.1) 
Here λ is the mean free path length (m) of a molecule and d (m) the transport pore 
diameter (characteristic length). From the kinetic theory of gases, the mean free path 
can be calculated as: 𝜆 =  !!!!!!!! !          (3.2) 
where dm (m) is the collision diameter, P (Pa) the pressure, T (K) the temperature and kb 
(J K-1) the Boltzmann constant. Under isothermal conditions, the mean free path 
increases when pressure decreases and the Knudsen number becomes a function of 
pressure. The relationship between Knudsen number and pore pressure at various 
transport pore diameters are displayed in Figure 3.2 at experimental (helium, methane 
25 °C) and reservoir conditions (methane 120 °C). If the Knudsen number is very small 
(Kn < 0.001), the continuum assumption (Darcy flow) is valid as the mean free path is 
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very small compared to the pore diameter (Javadpour et al. 2007, Javadpour 2009). At 
very large Knudsen numbers (>10), the continuum assumption becomes invalid, as gas 
molecules travel independently through the pores (Knudsen flow) rather than interacting 
with each other. Between the free molecular Knudsen flow and continuum Darcy flow 
regions (0.001 < Kn < 10), an intermediate region exists which is further subdivided 
into transitional and slip flow. A gas molecule travelling through a non-uniform porous 
media with fractures, micro- (d < 2 nm), meso- (2 nm < d < 50 nm), and macropores (d 
> 50 nm) may experience various flow regimes along its flow path.  
 
Figure 3.2: Dimensionless Knudsen number vs. pore pressure for various pore diameters (1 – 1000 
nm) at experimental (helium, methane at 25 °C) and reservoir conditions (methane 120 °C). 
The effect of gas slippage in porous rocks was first investigated and quantified in detail 
by Klinkenberg (1941). It can be considered as a weighted combination of Darcy and 
Knudsen flow. When the average size of pore diameters (characteristic length) is in the 
order of the free mean path of the gas molecules, the relative proportion of molecule-
pore wall interactions (slip flow) becomes increasingly important as compared to 
viscous (Poiseuille) flow. Under these conditions, the “apparent” permeability 
coefficients of gases are higher than the “intrinsic” permeability coefficients. Slip flow 
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is dominant in the micro and meso-porous matrix system of shale, especially under 
laboratory conditions at low pore pressures (Wu et al. 1998, Rushing et al. 2004, 
Tanikawa & Shimamoto 2009, Letham & Bustin 2015). The variable pressure along the 
sample is approximated by the mean pore pressure:  𝑃! = !!"!!!"#$!          (3.3) 
Klinkenberg (1941) showed that in the slip flow regime, measured (apparent) gas 
permeability kgas (m2) is a linear function of the reciprocal mean pore pressure Pm (Pa). 
The apparent permeability approaches a limiting value at infinite pore pressures, the 
Klinkenberg-corrected permeability k∞ (m2) which is calculated by the intercept of a 
regression line of measured (apparent) permeability coefficients and the reciprocal mean 
pore pressure (Klinkenberg-plot). 𝑘!"# = 𝑘!(1+ !!!)          (3.4) 
where b (Pa) is the gas slippage factor. The factor b depends on the properties of the gas 
and the porous medium, because the ratio between the slip factor and the mean pore 
pressure is proportional to the ratio of the mean free path λ (m) and the mean transport 
pore diameter (m) (Knudsen number) assuming tube-shaped pores. 𝐾𝑛 = !! = !!∙!∙!!         (3.5) 
With c ≈ 0.9 being the dimensionless Adzumi constant (Adzumi 1937). 
The mean free path length λ at a given pore pressure Pp is a property of the gas whereas 
the pore throat diameter d is a property of the porous medium. 
3.3.2 Permeability/effective stress laws (poro-elasticity) 
Physical properties of porous rocks, such as shales, vary with pore and confining 
pressure. The principle of effective stress, also referred to as Terzaghi’s principle, is a 
concept commonly used in soil mechanics. It states that the effective stress is 
controlling volumetric strain and strength behaviour independent of the magnitude of 
pore pressure.  𝜎!"#$%&!!! =  𝑃! −  𝑃!         (3.6) 
Here σ!"#$%&'(! 	is Terzaghi’s effective stress (Pa), Pc the confining pressure (or total 
effective stress). According to this concept a certain effective stress can essentially be 
realized by an infinite number of combinations of pore and confining pressure all of 
Chapter 3: Apparent permeability of gas shales – superposition of fluid-dynamic and poro-elastic effects 
   55 
which should be equivalent. It was soon recognized that this principle does not hold for 
consolidated rocks. Here the effective stress law for volumetric strain variation is 
commonly modified by the Biot coefficient (e.g. Nur & Byerlee 1971). Similarly, Todd 
& Simmons (1972) found that compressional wave velocity does not follow Terzaghi’s 
principle and needs to be modified. 
Also permeability coefficients measured on consolidated sandstones and granite could 
not be described by a Terzaghi effective stress relationship. In consequence, a 
coefficient comparable to the Biot coefficient was introduced for permeability (Zoback 
& Byerlee 1975, Walls & Nur 1979, Bernabe 1986, 1987): 𝜎! =  𝑃! −  𝜒 ∙ 𝑃!         (3.7) 
Here σ´	is	the effective stress (Pa) and the effective stress coefficient χ determines the 
relative sensitivity of permeability on pore pressure changes. The objective is to 
describe the (intrinsic) permeability values of all combinations of pore and confining 
pressure by one single effective stress law by adjusting the parameter χ. It should be 
noted that effective stress laws can also be non-linear (Ghabezloo et al. 2009), in which 
case the evaluation of a permeability effective stress relationship will be severely 
complicated. 
Cemented rocks show a large range of χ values with most rocks having χ values ≤ 1. 
This indicates that the effective stress is less sensitive to pore pressure than confining 
pressure changes. For clay-bearing sandstones, however, χ values increased from 1 at 0 
% clay content to more than 7 at 20 % clay content (Zoback & Byerlee 1975, Walls & 
Nur 1979). Zoback & Byerlee (1975) developed a simple model where transport pores 
are surrounded by a soft, compressible matrix within a stiff framework. Therefore, pore 
pressure increase can directly act on the compressible matrix increasing pore aperture 
and permeability, whereas the stiff framework shields the soft matrix from confining 
pressure changes. Kwon et al. (2001) measured χ ~ 1 for Wilcox shale (40 – 50 % clay 
content) using saturated brine and found that conduits in clay-rich shale are similarly affected 
by pore and confining pressure (Terzaghi’s principle). In contrast, Heller et al. (2014) and 
Letham & Bustin (2015) measured a wide range of χ < 1 from 0.15 to 0.82 for typical American 
gas shales (Eagle Ford, Marcellus, Barnett) using helium as a permeate. This indicates that 
pore pressure changes have lesser influence on the permeability effective stress 
behaviour.  
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Stress dependence of permeability (usually assuming Terzaghi’s principle) has been 
investigated by numerous authors and is a known property of shales (e.g. Dewhurst et 
al. 1999, Kwon	et	al.	2001,	Pathi	2008,	Dong et al. 2010, Chalmers et al. 2012b, Tinni	
et	al.	 2012,	Ghanizadeh et al. 2014a,	 b,	Heller	et	al.	 2014,	 Letham	&	 Bustin	2015,	Fink	et	al.	2017a). These studies found that exponential and power laws can describe 
stress-dependent permeability equally well. The exponential expression is: 𝑘! = 𝑘!,! ∙ 𝑒∝!∙!!         (3.8) 
Here k∞,0 (m2) is the Klinkenberg-corrected permeability coefficient at zero effective 
stress (σ´ = 0) and αk (MPa-1) an adjustable parameter (related to pore compressibility) 
indicating stress sensitivity.  
For the power law expression, stress sensitivity is indicated by the best fit exponent pk. 𝑘! = 𝑘!,! ∙ !!!!! !!          (3.9) 
Here k∞,1 is the Klinkenberg-corrected permeability coefficient at a reference effective 
pressure of σ1’ = 1 MPa. 
3.3.3 Coupling of fluid-dynamic and poro-elastic effects 
Gas slippage depends directly on the pore diameter or width of the effective transport 
pore system and related to it the Knudsen number. Changes in effective stress directly 
result in poro-elastic changes of the pore system by reducing or increasing the effective 
transport pore diameter. Therefore, gas slippage is directly coupled to poro-elastic pore 
structure changes and effective stress (Gensterblum et al. 2014, Letham & Bustin 2016, 
Fink et al. 2017a). The stress-dependence of gas slippage may be expressed by a linear 
equation. 𝑏 = 𝑏! + 𝛽 ∙  𝜎!         (3.10) 
where b0 (MPa) is the gas slippage factor at zero effective stress and	β	(MPa-1)	the	slope	
of	the	linear	best	fit	indicating	stress	sensitivity.	
3.3.4 Superposition of fluid-dynamic and poro-elastic effects 
The (fluid-dynamic) gas slippage effect results in an increase of apparent permeability 
coefficients with decreasing mean pore pressure (larger free mean path length). With 
increasing pore pressure the apparent permeability coefficient decreases and approaches 
the “intrinsic” permeability value. At the same time, the pore pressure increase causes a 
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(poro-elastic) dilation of the pore system that will result in an increase of the apparent 
permeability. These two processes may be superimposed and by inserting either 
Equation 3.8 for the exponential expression or Equation 3.9 for the power law 
expression into the Klinkenberg equation (Equation 3.4), the combined effect of poro-
elastics and fluid dynamics on apparent gas permeability can mathematically be 
described with: 𝑘!"# = 𝑘!,! ∙ 𝑒∝!∙!! ∙ 1+ !!! ; exponential law     (3.11) 𝑘!"# = 𝑘!,! ∙ !!!!! !! ∙ 1+ !!! ; power law      (3.12) 
Replacing the effective stress σ´ by the modified effective stress expression (Equation 
3.7) and the gas slippage factor b by the stress-dependent gas slippage expression 
(Equation 3.10), apparent gas permeability kgas becomes a function of pore and 
confining pressures, taking into account the modified effective stress law and the effect 
of poro-elastic transport pore system changes on gas slippage (coupling). 𝑘!"# = 𝑘!,! ∙ 𝑒∝!∙(!!! !∙!!) ∙ 1+ !!! ! (!!! !∙!!)!! ; exponential law   (3.13) 𝑘!"# = 𝑘!,! ∙ !!! !∙!!!!! !! ∙ 1+ !!! ! (!!! !∙!!)!! ; power law     (3.14) 
3.4 Samples 
Specimens used in this study are from two preserved cores of the Upper Jurassic 
Bossier and Haynesville formation, respectively. Sample plugs used for the 
permeability measurements had diameters of 38 mm and were dried for 48 h at 105 °C 
under vacuum.  
The Haynesville sample plug (HaF) was intentionally fractured outside the core holder 
parallel to bedding along a pre-existing macroscopically visible micro-fracture. With 
this a fracture was created that split the plug in half. In contrast, the Bossier shale plug 
(BoM) was an unfractured “matrix” plug with its axis perpendicular to bedding. 
Mineralogical composition, Vitrinite reflectance, Rock-Eval data, TOC content, 
porosity and other sample information are given in Table 3.1, Table 3.2 and Table 3.3 
(data previously published by Merkel et al. 2015). 
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Table 3.1: Sample plug characteristics. Matrix densities ρm and bulk densities  ρbulk were 
measured by He-pycnometry and Mercury Intrusion Porosimetry, respectively.  
Sample Comments Orientation 
l d ρm ρbulk φ 
[cm] [cm] [g cm-3] [g cm-3] [%] 
BoM “matrix” ⊥ 1.24 3.83 2.72 2.47 9.2 
HaF 
artificial 
fracture 
∥ 5.41 3.8 2.65 2.37 10.5 
Data previously published by Merkel et al. (2015). 
Table 3.2: Maturity, total organic content, and Rock-Eval Pyrolysis results for the Bossier and 
Haynesville shale samples. 
Sample 
VRr TOC 
Rock-Eval Pyrolysis 
S1 S2 S3 HI OI 
[%] [%] 
[mg HC/g 
rock] 
[mg HC/g 
rock] 
[mg CO2/g 
rock] 
[mg HC /g 
TOC] 
[mg CO2/g 
TOC] 
BoM 2.2 2.2 0.2 0.3 0.6 15 26.2 
HaF 2.5 3.1 0.1 0.3 0.9 9.5 27.7 
Data previously published by Merkel et al. (2015). 
Table 3.3: X-ray diffraction results for the Bossier and Haynesville shale samples 
Sample 
Quartz Feldspar Carbonates Total Clay Pyrite Anatase 
[%] [%] [%] [%] [%] [%] 
BoM 24.4 5.9 9.0 57.7 2.9 0.6 
HaF 26.7 6.4 15.8 47.8 2.3 0.5 
Data previously published by Merkel et al. (2015). 
3.5 Experimental 
3.5.1 Single-phase gas permeability measurements 
Sample plugs were installed in a triaxial fluid-flow cell and then mounted into a 
hydraulic rig with a maximum capacity of 40 MPa of axial and confining pressures (for 
details on the fluid-flow cell see Hildenbrand et al. 2002, Han et al. 2010). Single-phase 
gas permeability measurements were performed using the non-steady state (pressure 
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pulse-decay) method and the steady-state method (with back-pressure capillaries) which 
both allow gas permeability measurements over large pore pressure ranges at small 
pressure differences (< 0.5 MPa). Schemes of both experimental set-ups are shown in 
Figure 3.3.  
 
Figure 3.3: Experimental permeability set-ups: (A) Non-steady state pressure pulse decay and (B) 
steady state with back-pressure capillaries. Both set-ups enable measuring gas permeability at a 
large range of pore and confining pressures and small pressure differences (<0.5 MPa).	
After pre-stressing the sample to 25 MPa and leak testing the system, flow tests were 
performed after loading to identical axial and confining pressures from 8 to 20 MPa for 
the fractured Haynesville Shale plug (HaF) and 8 to 12 MPa for the Bossier Shale 
“matrix” plug (BoM). At each confining pressure level, flow tests were conducted only 
after stress equilibration of at least one week with pore pressures between 0.15 to 16 
MPa for the HaF and 0.15 to 12 MPa for the BoM. Experiments were run at 25 °C with 
up to five different gases (He, Ar, N2, CH4, C2H6) and the entire system was carefully 
flushed with the measuring gas prior to each measurement. 
Permeability tests on the HaF were performed using non-steady state measurements. 
These were performed by the pressure pulse-decay technique in a closed system with 
reservoirs at the upstream and downstream side of the sample (Figure 3.3A). The 
reservoir volumes were calibrated using the helium expansion technique (± 0.1 10-6 m3). 
Prior to each measurement the system was set to the desired downstream pressure and 
equilibrated. Then a pressure pulse of 0.5 MPa was applied on the upstream side of the 
sample (opening valve 1 for a few seconds) and the pressure decline/increase of both 
reservoirs was monitored in short intervals of 60 s with digital pressure transducers Pup 
and Pdown (Keller PAA 33X, accuracy of ±0.01 % of the full-scale value; 160 or 300 
bar).	
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For the BoM the steady-state gas permeability technique with back-pressure capillaries 
was used. For these measurements, up to three different back-pressure capillaries (two 
fused silica chromatography columns with 25 µm and 50 µm in diameter and one 
stainless steel tube with 100 µm diameter; lengths from 2 – 10 m) were used (Figure 
3.3B). Measuring sequences were run from low to high pore pressures. For a single 
measurement, the upstream pressure was manually adjusted and then kept constant. 
Depending on the flow resistance of the sample and the back-pressure capillary, the 
downstream pressure stabilized at a constant value, creating a defined pressure drop 
over the sample length when steady-state conditions were reached.  Both, upstream and 
downstream pressures (Pup and Pdown) were recorded simultaneously using two digital 
pressure transducers (Keller PAA 33X, accuracy of ±0.01 % of the full-scale value; 160 
or 300 bar). To ensure reproducibility, gas flow rates were measured at the outlet of the 
backpressure capillary at least three times at atmospheric pressure using a calibrated 
soap-flow meter (Figure 3.3B).  
3.5.2 Gas permeability calculation 
The steady-state gas permeability coefficients kgas (m2) were calculated using Darcy’s 
law for compressible fluids (Ghanizadeh et al. 2014a): 𝑘!"# =  −  ∆!∆! !∙!(!!,!)∙!!"#∙!!∙(!!"#$! !!!"! )         (3.15) 
Here Pup and Pdown are the pressures (Pa) at the upstream and downstream side of the 
sample plug, Patm is the atmospheric pressure (Pa) at the soap-bubble flow-meter, which 
is used to measure volumetric flow rates ΔV/Δt (m3/s). The dynamic viscosity η (Pp, T) 
(Pa s) of the gas was taken for the corresponding mean pore pressure Pp (Pa) and 
temperature T (K). L and A are the length (m) and the cross sectional area (m2) of the 
sample plug. and kgas the obtained apparent gas permeability coefficient (m2). This 
relationship takes into account the expansion of the gas (assumed to be ideal) along the 
fluid flow path. 
The non-steady state apparent gas permeability coefficients kgas (m2) were determined 
using on the following relationship (Saghafi et al. 2010, Saghafi & Pinetown 2011):  𝑘!"# =  −   ! ! ! !!,!  ! !! ! !!,! ( !!!! !!!)	 	 	 	 	    (3.16) 
Here V1 and V2 are the upstream and downstream volumes (m3) of the measuring 
device, Pp the mean pore pressure (Pa) and c is the slope of ln(Pup(t)-Pdown(t)) vs. time 
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created from the record pressure data. Ghanizadeh et al. (2014a) describe the derivation 
of the formula and the procedure of calculating the gas permeability coefficients. 
Viscosity η (Pa s) and gas compressibility factor z (-) are functions of pressure and 
temperature. As pressure and temperature changes during one pressure decay test are 
minor (∆P < 0.5 MPa;  ∆T < 0.1 K), viscosity and z-factor were assumed to be constant 
during one flow experiment. Viscosity data were taken from the NIST chemistry 
webbook and the z factors were calculated using the GERG equation of state (Linstrom 
& Mallard 2001, Kunz & Wagner 2012). These corrections are required because mean 
pore pressure changes between the experiments (0.5 -16 MPa) have a great impact on 
viscosity and z-factor of non-ideal gases (CH4, C2H6) (Figure 3.4).  
Apparent gas permeabilities in m2 were then transformed into Darcy units (1D = 9.87 
10-13 m2). 
Figure 3.4: Compressibility factor and dynamic viscosity as a function of pore pressure at 25 °C. 
3.6 Results 
3.6.1 Apparent gas permeability coefficients 
Apparent gas permeability coefficients measured for the HaF are between 1 – 3 mD. 
Compared to the BoM with permeability coefficients between 150 – 700 nD they are 
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larger by approximately four orders of magnitude due to the fracture (data are provided 
as supplementary material).  
At a fixed confining pressure, successive increase in mean pore pressure  (decrease of 
effective stress) starting at 0.5 MPa results in decreasing gas permeability coefficients 
until a distinct minimum is reached. Further pore pressure increase leads to increasing 
gas permeability coefficients (Figure 3.5, helium gas exemplarily shown). 
 
Figure 3.5: Apparent gas (helium) permeability coefficients vs. Terzaghi effective stress for the HaF 
(A) and BoM (B) shale samples determined at different (constant) confining pressures. Each 
confining pressure level shows a distinct minimum that marks the transition from fluid dynamic to 
poro-elastic dominated flow regime. 
3.7 Data evaluation and discussion 
The observed minima in the plots of the apparent permeability coefficients (at constant 
confining pressure) versus effective stress mark the transition from fluid-dynamic to 
poro-elastic dominated flow regime (Figure 3.5). For the BoM, the limbs at high pore 
pressure (low effective stress) are not as pronounced compared to the HaF. This 
indicates a dominance of gas slippage for the BoM in the measuring range. 
Apparent gas permeability coefficients are not constant for a given Terzaghi effective 
stress value (Pc - Pp), but decrease with increasing confining pressure As shown in 
Figure 3.5A, at an effective Terzaghi stress of 5 MPa, kgas of the HaF decreases from 
2.3 mD – 1.2 mD as the confining pressure is increased from 8 – 16 MPa). Therefore, 
even at the poro-elastic limb of the apparent gas permeability data, it is not possible to 
fit the experimental data by a permeability simple effective stress (Pc - Pp) relationship.  
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3.7.1 Separation of fluid-dynamic and poro-elastic effects by gas slippage 
correction 
To fit the data by a unique effective stress law, the gas slippage contribution 
superimposing the poro-elastic effects needs to be corrected over the entire pore 
pressure range. Previous authors have been aware of the impact of gas slippage on 
effective stress relationships, but assumed that gas slippage contribution can be 
neglected at pore pressures above ~ 6.9 MPa (1000 PSI) (Warpinski & Teufel 1992, 
Heller et al. 2014, Letham & Bustin 2015). This assumption may not be valid for 
specific samples containing a transport pore system with nanometer pore diameters 
(Letham & Bustin 2016). Therefore, in the present work the gas slippage correction was 
performed by subtracting the contribution of gas slippage (k∞ b Pp-1) to apparent 
permeability of a given confining pressure level from the apparent permeability values 
(Figure 3.6A, B). The contribution of gas slippage was calculated using the Klinkenberg 
fit for the low pore pressure data (< 6 MPa) only, to minimize contributions related to 
changes in effective stress. For the permeability-effective stress evaluation, in contrast, 
only the resulting slippage-corrected high pore pressure (> 6 MPa) permeability 
coefficients were used (Figure 3.6C).  
After introducing the effective stress coefficient χ (Equation 3.7), a unique permeability 
effective stress expression could be derived by varying χ and finding the best-fit 
solution in the gas slippage-corrected apparent permeability vs. modified effective stress 
plot (Figure 3.6D). For the HaF the power law and for the BoM the exponential 
expression were found to yield the best fitting results. Even after gas slippage 
correction, permeability coefficients depend on gas type with He >> Ar > CH4 ≥ N2. 
(Figure 3.7). The values of χ for the different gas types range between 0.50 – 0.63 for 
the HaF and 0.21 – 0.38 for the BoM indicating that both samples are more sensitive to 
changes in confining pressure than to changes in pore pressure (Table 3.4).  
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Figure 3.6: Permeability effective stress evaluation procedure (Haynesville fracture sample is 
exemplarily shown). (A) Gas slippage correction at a given confining pressure level is performed by 
Klinkenberg evaluation of low pore pressure data (< 6 MPa) only. Slippage corrected permeability 
coefficients are then obtained by subtracting the gas slippage contribution (k∞ b Pp-1) from the 
measured apparent permeability coefficients. (B) Slippage corrected and raw apparent 
permeability coefficients vs. Terzaghi effective stress. (C) Slippage corrected high pore pressure (> 
6 MPa) and raw apparent permeability coefficients vs. Terzaghi effective stress. (D) Determination 
of permeability effective stress law using the slippage corrected high pore pressure data by varying 
the effective stress coefficient χ and finding the χ	value that gives the best fit solution. 
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Figure 3.7: Gas slippage-corrected permeability vs. modified effective stress for the HaF (A) and 
BoM (B). With this transformation all permeability variation (with gas slippage eliminated) can be 
attributed to effective stress effects. 
Table 3.4: Effective stress coefficients χ and output parameters from the apparent permeability 
models. The poro-elastic effects of the HaF were fitted by a power law expression whereas an 
exponential expression gave best results for the BoM. Italic indicates methane parameters (used as 
an input for the ethane apparent permeability model). 
  
Pc 
range 
[MPa] 
Pp range 
[MPa] 
Gas 
Poro-elastics Fluid dynamics 
  
 
Power law 
Exponential 
law 
Linear coupling 
  χ k1 pk k0 αk b0 β 
  
 
[mD] - [nD] 
[MPa-
1] 
[MPa] 
[MPa-
1] 
HaF 
8 - 20 0.15 - 15 Helium 0.55 8.29 -0.73 - - 0.17 0.000 
8 - 20 0.15 - 15 Argon 0.50 9.45 -0.82 - - 0.12 0.000 
8 -20 0.15 - 15 Nitrogen 0.50 10.38 -0.89 - - 0.15 0.000 
8 - 20 0.15 - 15 Methane 0.63 8.35 -0.81 - - 0.14 0.000 
8 - 20 0.15 - 1.2 Ethane 0.63 8.35 -0.8* - - 0.04 0.000 
BoM 
8 - 16 0.7 - 12 Helium 0.21 - - 481 -0.071 0.71 0.038 
8 - 16 0.7 - 12 Argon 0.30 - - 402 -0.071 0.44 0.015 
8 - 12 0.7 - 9 Methane 0.38 - - 371 -0.066 0.43 0.020 
8 - 12 0.3 - 1.4 Ethane 0.38 - - 371 -0.066 0.14 0.041 
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3.7.2 Determination of parameters for the apparent permeability model 
To predict apparent gas permeability coefficients for any given couple of pore and 
confining pressure, Equation 3.13 for an exponential stress dependence or Equation 
3.14 for power law behaviour was least square fitted to all measured non-corrected 
apparent gas permeability coefficients. Input parameters for this model were all 
measured couples of pore and confining pressures and the previously determined 
effective stress coefficient χ. Output parameters are Klinkenberg-corrected permeability 
at a reference stress k∞,0 (k∞,1), stress sensitivity of permeability αk	(pk),	 gas	 slippage	factor	at	zero	effective	stress	b0	and	stress	sensitivity	of	gas	slippage	factor	β.	The	permeability	 effective	 stress	 evaluation	 procedure	 was	 then	 repeated	 using	 the	modelled	gas	slippage	 factors	 to	 revaluate χ. This iterative approximation procedure 
was repeated until the difference in χ of two subsequent evaluations were less than 0.02. 
The results from the apparent permeability model and the χ values are displayed in 
Table 3.4. Figure 3.8 exemplarily shows the computed apparent helium permeabilities 
(open red circles) using the measured Pc and Pp couples. These modelled permeabilities 
fit the measured data reasonably well validating the apparent permeability model 
approach. For ethane, measurements were only performed at low pore pressures to 
liquefaction. Therefore, we used the poro-elastic results of methane as an input for the 
ethane apparent permeability model. 
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Figure 3.8: Computed (model) and measured helium apparent gas permeabilities at the same Pc 
and Pp conditions vs. modified effective stress for the HaF (A) and BoM (B). The apparent 
permeability models fit the measured data reasonably well. Red line indicates pure poro-elastic 
behaviour with no gas slippage contribution. 
3.7.3 Application of the apparent permeability model to literature data 
Plug permeability measurements of low permeable gas shale samples covering a wide 
range of pore and confining pressures are time consuming and challenging due to 
extremely low flow rates. Therefore, gas permeability data fulfilling the requirements 
needed to evaluate both poro-elastic and fluid-dynamic effects is very limited. To test 
the apparent permeability model’s general validity, we applied it to the available data 
sets from	 Heller et al. (2014) (Figure 3.9A, B and C), Nazari Moghaddam	 &	Jamiolahmady	(2016a,	b)	(Figure 3.9D, E and F) and Letham & Bustin (2016) (Figure 
3.10). The data are provided as supplementary material and the experimental conditions 
are shown in Table 3.5. Similar to the BoM and HaF samples, the apparent permeability 
model is able to represent the raw data reasonably well (Figure 3.9 and Figure 3.10), 
especially for the Eagle Ford 127 sample (Figure 3.9A).  
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Figure 3.9: Calculated (model) and measured helium apparent gas permeabilities at the same Pc 
and Pp conditions vs. modified effective stress. (A), (B) and (C) are raw data from Heller et al. 
(2014). (D), (E), (F) are raw data from Moghaddam & Jamiolahamady (2016a, b). Red line 
indicates pure poro-elastic behaviour with no gas slippage contribution. 
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Figure 3.10: Calculated (model) and measured helium apparent gas permeabilities at the same Pc 
and Pp conditions vs. modified effective stress. Raw data from Letham & Bustin (2016). Red line 
indicates pure poro-elastic behaviour with no gas slippage contribution. 
Table 3.5: Range of pore and confining pressures of the literature data sets used. 
Sample Data source Pc range [MPa] Pp range [MPa] Gas 
Eagle Ford 127  
Heller et al. (2014) 
8.6 - 55.2 1.7 - 27.7 
Helium 
 
Eagle Ford 174 8.6 - 55.2 1.7 - 27.7 
Marcellus 8.6 - 48.3 1.7 - 20.7 
Barnett 
Nazari Moghaddam & 
Jamiolahmady (2016a,b) 
8.6 - 31.0 1.7 - 20.7 
Nitrogen Eagle Ford (M) 8.6 - 31.0 1.7 - 20.7 
Pierre 8.6 - 31.0 1.7 - 20.7 
Eagle Ford (L) Letham & Bustin (2016) 8.6 - 65.8 1.7 – 17.6 Helium 
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3.7.4 Evaluation of apparent permeability data – strategies and pitfalls 
The occurrence and superposition of fluid-dynamic and poro-elastic phenomena may 
lead to erroneous and inconsistent interpretations in the evaluation and parameterization 
of apparent gas permeability data. These may affect (A) the permeability/effective stress 
law and (B) the Klinkenberg slip flow evaluation.  
In case (A), if fluid-dynamic slippage effects are not taken into account and /or 
corrected for properly, then the χ values obtained from the effective stress law 
evaluation may be too low (Letham & Bustin 2016). In case (B), incorrect or 
inappropriately chosen χ values may lead to non-linear Klinkenberg plots due to 
undetected stress effects (Letham & Bustin 2015). Overestimating the “true” effective 
stress (chosen χ values too low) results in “concave up” Klinkenberg plots whereas 
underestimation of the “true” effective stress (chosen χ values too high) results in 
“concave down” Klinkenberg plots. Therefore, it is not possible to directly evaluate 
apparent permeability data without a priori assumptions. One can either neglect stress 
effects during the Klinkenberg evaluation by assuming Terzaghi’s principle to be valid 
(χ = 1) (e.g. Letham & Bustin 2015, Nazari Moghaddam & Jamiolahmady 2016a, b) or 
by performing experiments at a constant Pc level and assume that low pore pressures 
have no significant effect on effective stress (e.g. Ghanizadeh et al. 2014a, b, Fink et al. 
2017a).  
In the following sections we compare three evaluation approaches (1, 2 and 3) and show 
that they may have significant bias for gas shale samples with small transport pores 
resulting in permeabilities in the µD to nD range and large slippage factors (> 0.5 MPa). 
Approach 1: In previous studies effective stress laws (Pc – χ Pp) were constructed by 
assuming that gas slippage can be neglected at high pore pressures (> 6.9 MPa) 
(Warpinski & Teufel 1992, Heller et al. 2014, Letham & Bustin 2015). Based on the 
obtained modified permeability-effective stress law, Klinkenberg plots were produced 
for constant effective stress levels in a second step to assess the effective stress 
dependence of the gas slippage factor (coupling) using low pore pressure data only (< 
6.9 MPa) (approach of Heller et al. 2014). By combining the pertaining poro-elastic and 
fluid-dynamic parameters an apparent permeability model can be formulated. 
Approach 2: Firstly, gas slippage behaviour is determined at various stress or confining 
pressure levels using low pore pressure data only (< 6.9 MPa). Under these conditions 
fluid dynamic behaviour is assumed to follow a linear Klinkenberg trend in the slip flow 
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regime (Klinkenberg 1941). Subsequently the high pore pressure data (> 6.9 MPa) are 
corrected for gas slippage and then the modified permeability-effective stress law (Pc – 
χ Pp) is formulated using the corrected high pore pressure data. The results are 
combined to formulate the apparent permeability model. 
Approach 3 (this study): This approach does not separate the apparent permeability data 
into subsets for evaluation (e.g. stress levels, Pp or Pc levels). It uses the χ value from 
approach 2 as a primary input and then the permeability model is simultaneously least 
square-fitted to all measured apparent permeability data. Using the model output 
parameters, the χ values are re-evaluated. The model is run again, if the obtained χ 
values differ from the input χ values by more than 0.02. 
There are significant differences in the results of the step-by step approach 1 of Heller et 
al. (2014) compared to approach 2 and approach 3 (Table 3.6). Approach 2 and 3 in 
many cases show only minor differences with approach 3 having always the smallest 
average deviation between the predicted and measured apparent permeability data. 
For approach 1 the average deviation increases with increasing superposition 
(increasing gas slippage) from 7 % to over 100 % (Table 3.6). In comparison the 
deviation is only between 1 – 11 % for the apparent permeability model derived with 
the simultaneous evaluation approach 3. The gas slippage parameters derived from the 
three approaches show only minor differences (except for the Marcellus vertical 
sample). Also, the stress sensitivity factors (αk	 and	 pk)	 obtained	 from	 the	 three	
evaluation	 procedures	 are	 similar.	 However,	 as	 demonstrated	 by	 Letham & Bustin 
(2016), the step-by step procedure yields consistently smaller χ values and the 
Klinkenberg-corrected permeability coefficients are significantly lower, especially for 
samples with large gas slippage factors. This indicates clearly that gas slippage cannot 
be neglected even at pore pressures > 6.9 MPa for effective stress evaluation. To 
illustrate this, Figure 3.11 shows the diffusive gas slippage contribution to the overall 
flux for an effective stress level of 20 MPa in the high pore pressure range calculated 
from the slip flow terms in Equation 3.13 or 3.14. 
!!! ! !!!!!!!! ! !!          (3.17) 
The diffusive gas slippage contribution superimposing the Darcy flux is always larger 
than 5 % (except for the highly-permeable mD-range HaF and Eagle Ford (M) samples) 
and may even be higher than 40 % at pore pressures as high as 10 MPa. 
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Figure 3.11: Contribution of slip flow to the apparent gas permeability coefficients as a function of 
pore pressure (at 20 MPa effective stress) based on Equation 3.17. Gas slippage contributes 
significantly (> 5 %) to apparent permeability (except for the HaF and Eagle Ford (M) samples) 
even at high pore pressures (> 6.9 MPa). 
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Table 3.6: Comparison of different evaluation approaches. Approach 1 is a step-by step evaluation that does not take into account the superposition of fluid-dynamic and 
poro-elastic effects at high pore pressures (>6 MPa), approach 2 is a step-by step evaluation that does take into account the superposition of fluid-dynamic and poro-elastic 
effects at high pore pressures (>6 MPa) and approach 3 is a simultaneous evaluation presented in this study. Note that the mismatch between the step-by step evaluation 
approach 1 and the raw data significantly increases with increasing superposition (increasing gas slippage) and that approach 3 always shows the lowest mismatch. The 
mean deviation [%] was calculated with 
𝟏𝒏 𝒌𝒈𝒂𝒔,   𝒊!𝒌𝒎𝒐𝒅𝒆𝒍𝒍𝒆𝒅,   𝒊  𝒌𝒈𝒂𝒔,   𝒊𝒏𝒊!𝟏 . 
Sample Data source 
Evaluation 
approach 
Gas 
Mean 
deviation 
[%] 
Poro-elastics Fluid dynamics 
 
Exponential / Power law * Linear coupling 
χ k0 / k1* [nD] αk / pk * [MPa-1] / [-]* b0 [MPa] β [MPa-1] 
HaF This study 
1 
2 
3 
Helium 
9.99 
11.06 
3.94 
0.53 
0.53 
0.55 
10.29 • 106* 
10.14 • 106* 
8.29 • 106* 
-0.82* 
-0.81* 
-0.73* 
0.08 
0.06 
0.17 
0.002 
0.002 
- 
Eagle Ford 
(M) 
Nazari Moghaddam 
& Jamiolahmady 
(2016a, b) 
1 
2 
3 
Nitrogen 
7.32 
7.45 
6.89 
0.99 
0.99 
0.99 
4.87 • 106* 
4.808 • 106* 
4.85 • 106* 
-1.85* 
-1.86* 
-1.86* 
0.40 
0.5 
0.30 
-0.002 
-0.005 
0.017 
Barnett 
Nazari Moghaddam 
& Jamiolahmady 
(2016a, b) 
1 
2 
3 
Nitrogen 
11.50 
8.90 
6.67 
0.88 
0.91 
0.91 
20.2 • 103* 
20.6 • 103* 
12.1 • 103* 
-1.16* 
-1.21* 
-1.00* 
0.96 
0.99 
0.96 
- 
- 
- 
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Pierre 
Nazari Moghaddam 
& Jamiolahmady 
(2016a, b) 
1 
2 
3 
Nitrogen 
11.14 
1.67 
1.32 
0.69 
0.84 
0.84 
20.9 • 103 * 
13.4 • 103 * 
13.2 • 103 * 
-0.66 * 
-0.58 * 
-0.57 * 
1.16 
1.56 
1.72 
0.013 
0.007 
-0.004 
Eagle Ford 
127 
Heller et al. (2014) 
1 
2 
3 
Helium 
15.06 
3.57 
1.35 
0.60 
0.89 
0.85 
15.1 • 103 
12.2 • 103 
12.5 • 103 
-0.023 
-0.023 
-0.023 
1.27 
1.28 
1.17 
0.006 
0.016 
0.010 
Eagle Ford 
(L) 
Letham & Bustin 
(2016) 
1 
2 
3 
Helium 
20.53 
13.86 
4.72 
0.65 
0.95 
0.95 
6.43 • 103 * 
3.42 • 103 * 
2.83 • 103 * 
-0.79 * 
-0.70 * 
-0.63 * 
0.90 
1.66 
2.04 
0.034 
0.022 
0.003 
BoM This study 
1 
2 
3 
Helium 
18.64 
1.88 
1.73 
0.04 
0.21 
0.21 
599 
488 
481 
-0.071 
-0.073 
-0.071 
0.70 
0.71 
0.71 
0.038 
0.038 
0.038 
Eagle Ford 
174 
Heller et al. (2014) 
1 
3 
Helium 
63.21 
11.12 
0.4 
0.48 
92 
64 
-0.081 
-0.081 
1.34 
1.89 
0.244 
0.123 
Marcellus 
vertical 
Heller et al. (2014) 
1 
2 
3 
Helium 
109.20 
12.37 
5.91 
0.15 
1.00 
1.00 
87 
30 
35 
-0.033 
-0.032 
-0.032 
-5.89 
10.56 
9.67 
0.640 
0.094 
-0.078 
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3.7.5 Illustration of superposition effects in the 3-D (kgas -  Pp - Pc) 
representation 
Apparent gas permeability can be represented as a function of pore and confining 
pressure in a 3-D diagram as shown in Figure 3.12. Here the experimental raw data 
points are illustrated together with an interpolated surface kgas (Pp, Pc). This surface 
forms a complexly shaped half-pipe structure, reflecting the previously described 
superposition effects. In theory, pure poro-elastic behaviour should form a simply 
curved surface with its dip and curvature perpendicular to the effective stress (Pc – χ Pp) 
whereas pure gas slippage behaviour would result in a more complexly curved plane 
with its main dip more or less parallel to the pore pressure axis. By extracting iso-
permeability lines from the 3-D surface and plotting them as projections on the Pc-Pp 
plane (Figure 3.12), the superposition effects on apparent permeability can be illustrated 
similar to the cross-plotting method. The relative influence of Pc and Pp on the value of 
kgas (or any other physical property) can be assessed by plotting Pc versus Pp at constant 
kgas and determining the slope χ (Walsh 1981, Kwon et al. 2001). Therefore, χ can be 
expressed as (Bernabe 1987): χ = !"!!"!  ; at constant kgas        (3.18) 
The slope of a tangent at any point of an iso-permeability line projected on Pp – Pc plane 
can be interpreted as the permeability effective stress coefficient (Ghabezloo et al. 
2009). However, the iso-permeability lines bend from low to high pore pressures 
(Figure 3.12).  
The curvature is a result of the gas slippage plane superposing the poro-elastic plane at 
“low” pore pressures as illustrated above. Interpreting the iso-permeability lines in the 
“curved” (non-linear) area as effective stress effects would lead to severe 
underestimation of the effective stress coefficient χ and could even result in negative 
values. Only above a certain pore pressure range (15-20 MPa for Eagle Ford 127 and 4-
8 MPa for HaF) do all iso-permeability lines become parallel indicating pure poro-
elastic behaviour with a distinct χ value (0.85 and 0.63, respectively). It is only in this 
pore-pressure range that fluid dynamic effects can be neglected in the evaluation of the 
effective stress coefficient. This highlights that the evaluation of the permeability 
effective stress coefficient may be biased by the gas slippage behaviour. The affected 
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pore pressure range is even larger (up to 25 MPa) for the Marcellus, Eagle Ford (L) and 
Eagle Ford 174 sample due to their large gas slippage factors (b > 2 MPa). 
 
Figure 3.12: Illustration of poro-elastic and fluid dynamic superposition and their impact on the 
evaluation of the permeability effective stress coefficient for (A) the Eagle Ford 127 sample and (B) 
the Haynesville fracture sample (HaF). 
3.7.6 Validation of poro-elastic behaviour by linearity of Klinkenberg plots  
Klinkenberg plots at constant effective stress can be used to validate the poro-elastic 
stress law. At constant effective stress, changes in apparent permeability should be 
solely a function of the fluid dynamic behaviour (assumed linear Klinkenberg behaviour 
over the maximum measured pore pressure range in the slip flow regime). Therefore, an 
inadequate effective stress law (“incorrect” χ value) will lead to non-linear gas slippage 
(Klinkenberg) plots, especially at high pore pressures. To illustrate this, Klinkenberg 
plots for varying χ values assuming an identical effective stress level (27.6 MPa) were 
computed using the Eagle Ford 127 sample data of Heller et al. (2014). The χ values 
chosen for this calculation were 0 for constant confining pressure condition (a priori 
stress level measured in this study), χ = 1 (Terzaghi’s principle (Pc – Pp)) and the χ value 
resulting from approach 1 (χ = 0.6, Heller et al. 2014) and 3 (χ = 0.85, this study) 
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(Figure 3.13A, B). The plots were prepared by taking the intersection of the stress 
isoline with the permeability trend of the measured pore pressures. When assuming 
Terzaghi’s principle, the data points tend to deviate from the straight “Klinkenberg” line 
at high pore pressures and show a concave-down shape. The reason for this behaviour is 
that the actual effective stress state of the sample deviates (is larger than expected) from 
the assumed effective stress level. The difference between assumed and actual stress 
becomes larger with increasing pore pressure. This suggests that the χ values are in 
reality smaller than 1. Using the χ value results of approach 1 (Heller et al. 2014) the 
Klinkenberg plot for the Eagle Ford 127 shows a concave up shape (decreasing 
effective stress) indicating an underestimation of χ. For the χ value results of the 
approach used in this study, Klinkenberg plots are linear, which is taken as a validation 
of the presented results.  
 
Figure 3.13: Non-linear Klinkenberg behaviour caused by stress effects. (A) Pc – Pp plot with 
permeability iso-lines for the Eeagle Ford 127 sample (exemplarily shown). The 27.6 MPa stress iso-
lines for various χ values were used to produce the Klinkenberg plots of (B). A linear Klinkenberg 
trend is obtained with χ value of 0.85. Choice of inappropriate permeability effective stress 
coefficients results in deviation from this trend. If χ is overestimated (or underestimated), the actual 
effective stress at high pore pressures will be higher (lower) resulting in a concave down (concave 
up) shape of the Klinkenberg plot (compare also Figure 3.14). Plots were generated using effective 
stress iso-lines and picking apparent permeability values at their intersection with the permeability 
trend at the given pore pressures. 
Nazari Moghaddam & Jamiolahmady (2016a, b) obtained concave down Klinkenberg-
plots (their Fig. 7 and 8, respectively) for Eagle Ford, Barnett and Pierre shale assuming 
“net stress” (Terzaghi’s principle, χ = 1) to be valid. They interpret this shape to be 
solely a result of fluid-dynamic behaviour in the transitional flow regime and used the 
high pore pressure data between 10.3 and 20.6 MPa (1500 – 3000 PSI) for Klinkenberg-
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correction and calculation of the “non-slip” (Klinkenberg-corrected) permeability. 
Using an interpretation based on the modified effective stress law in the form 𝜎! =  𝑃! −  𝜒 ∙ 𝑃! would indicate χ < 1. This stress correction would predict “non-slip” 
permeability coefficients to be higher by more than a factor of 2 and also affect the 
interpretation of gas slippage behaviour. For example, the inferred gas slippage 
contribution of more than 30 % (see Fig. 10 – 12 in Nazari Moghaddam & 
Jamiolahmady 2016b) at 20 MPa pore pressure for the µD range Barnett sample would 
decrease to < 5 % with a stress correction according to the modified permeability 
effective stress relationship. This highlights that stress effects may bias the evaluation of 
fluid dynamic behaviour. 
3.7.7 Distinguishing fluid-dynamic from poro-elastic behaviour by 
comparison of He and Ar permeability data 
Most experimental studies measuring apparent gas permeability use only a single testing 
gas as permeate (mostly He or N2). Performing fluid flow tests with different gases 
under the same experimental conditions can allow for the separation of different 
working transport processes. Ismail (2014) measured the permeability of Eagle Ford 
Shale using He and the adsorbing gas CO2. Measurements were performed at the same 
effective stress and mean free path conditions to achieve the same impact of fluid 
dynamic and poro-elastic effects. They demonstrated that for this shale adsorption of 
CO2 reduced permeability normal to bedding by about one order of magnitude as 
compared to helium.  
With a similar approach we are able to separate fluid-dynamic from poro-elastic effects 
using He and Ar (Figure 3.14. Both measurements were performed successively at the 
same Pc and Pp conditions. Therefore, stress effects can be deduced by subtracting the 
Ar apparent permeability coefficients from the He data. The difference decreases 
linearly when plotted as a function of 1/Pp (Klinkenberg plot) as it is expected for gas 
slippage in the slip flow regime. Therefore, we interpret the increase in the apparent 
permeability difference with decreasing pore pressure to be solely due to the increasing 
excess slippage contribution of He compared to Ar. For the highly permeable fractured 
Haynesville sample (HaF, Figure 3.14A), the permeability increase is much lower than 
for the Bossier matrix sample (Figure 3.14B) indicating only weak slippage behaviour 
(low Knudsen numbers, large characteristic length) in the former.  
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Permeability differences are non-zero at infinite pore pressures (y-intercept in 
Klinkenberg-plot), which is not in accordance with the expected (“ideal”) behaviour. 
Gas type effects on Klinkenberg-corrected permeability coefficients have been observed 
previously by authors and were tentatively explained by sorption effects, “molecular 
sieving” (size exclusion), which would result in gas-type specific transport network 
systems and non-ideality of gases that is not taken into account by the ideal gas law-
based Darcy-evaluation (Cui et al. 2009, Adeboye & Bustin 2013, Ghanizadeh et al. 
2013, 2014a, b, Sinha et al. 2013, Gensterblum et al. 2014, Fink et al. 2017a,). 
  
Figure 3.14: Klinkenberg plots of apparent permeability coefficients with helium and argon on HaF 
(A) and BoM (B) sample. In all cases “concave down” curves result when assuming a Terzaghi 
effective stress law, χ = 1. The apparent permeability difference (kgas (He) – kgas (Ar)) is linear and 
does not show a “concave down” trend. The computed helium permeabilities with the fluid-
dynamics effects removed show that the “concave down” shape is not a fluid-dynamic effect, but 
non-Terzaghi (χ < 1) stress relationship. 
With the assumption that He roughly has twice the mean free path of Argon, the gas 
slippage contribution can be easily calculated out by subtracting the permeability 
difference (minus the offset) from the measured data. The resulting curve resembles 
pure poro-elastic behaviour with minor permeability changes at low pore pressures 
(minor stress changes) and a large decrease at high pore pressure of more than 50 % for 
the Haynesville fracture sample and 20 % for the Bossier matrix (Figure 3.14). 
Therefore, the concave down shape at high pore pressures can be attributed to poro-
elastic behaviour due to overestimation of χ without any assumptions on the actual flow 
regime and not to fluid-dynamic behaviour in the transitional flow regime as suggested 
by Moghaddam & Jamiolahmady (2016a, b). This furthermore highlights that assuming 
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Terzaghi’s principle is not valid when evaluating transport processes in shale, especially 
at high pore pressures. 
3.7.8 Stress-dependent gas slippage behaviour (coupling) 
Gas slippage behaviour depends on the transport pore system, which, in turn, is affected 
by effective stress changes. Intuitively, one would expect increasing effective stress to 
increase the contribution of diffusive gas slippage due to decreasing mean transport 
pore radii (Gensterblum et al. 2014, Heller et al. 2014). However, experimental results 
are inconsistent and stress-dependent gas slippage may also be independent of, fluctuate 
or even decrease with effective stress (Ghanizadeh et al. 2014a, Letham et al. 2015, 
Fink et al. 2017a). The results from the apparent permeability model suggest a positive 
coupling (increasing gas slippage with increasing stress) or no coupling for all shales 
studied so far, except for the Marcellus shale, which shows negative coupling. Using 
Equation 3.2 and 3.5, the gas slippage factors can be transformed into effective 
transport pore diameters assuming tubular pores. The effective transport pore diameters 
resulting from this computation are in the 10 – 180 nm range and mostly decrease with 
increasing effective stress (Figure 3.15). These values are well within the range of pores 
that have been observed in the matrix of gas shales using Field Emission Scanning 
Electron Microscopy (e.g. Slatt & O’Brien 2011, Curtis et al. 2012a, b, Loucks et al. 
2012, Klaver et al. 2015a).  
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Figure 3.15: Calculated effective transport pore diameters vs. effective stress (based Equation 3.2 
and 3.5). Data suggest that effective transport pore diameters range between 10 – 180 nm and 
decrease with increasing effective stress (except for the Marcellus sample) The fractured 
Haynesville Shale sample is excluded here as it has transport pore sizes around 600 nm highly 
exceeding those of the matrix samples. 
Changes in gas slippage factors with effective stress superpose the “purely” stress-
dependent permeability values at any given pore pressure (Figure 3.16). For a positive 
coupling (increasing relative gas slippage contribution with increasing effective stress), 
stress sensitivity of apparent permeability coefficients increases with increasing pore 
pressure. For the Eagle Ford shale the permeability stress sensitivity factor α changes 
from -0.046 MPa-1 to -0.081 MPa-1 with increasing pore pressure levels from 0.5 MPa 
to pure poro-elastic behaviour (infinite pore pressures, no gas slippage contribution) 
(Figure 3.16). This reflects the relative increases in superposed gas slippage 
contribution to apparent permeability with increasing effective stress. The effects are 
stronger at low pore pressures than at high pressures. At infinite pore pressures, gas 
slippage (and the coupling) can be neglected and stress-sensitivity is solely due to the 
poro-elastic response of the pore system to effective stress changes. 
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Figure 3.16: Computed apparent permeability coefficients at varying pore pressure levels and gas 
slippage factors as a function of modified effective stress (apparent permeability model of Eagle 
Ford 174) showing superposed effects of fluid dynamic and poro-elastic behaviour. Positive 
coupling of gas slippage with effective stress results in increasing stress sensitivity of apparent gas 
permeability with increasing pore pressure. The reason is that the relative gas slippage contribution 
increases with both, increasing effective stress and decreasing pore pressure.  
3.7.9 Implications for shale gas production 
To analyse the implications of fluid dynamic and poro-elastic effects on the apparent 
permeability evolution of gas shales during production, we applied the apparent 
permeability model to reservoirs at depths from 500 to 3500 m with initial overpressure 
of 50 % down to 1 MPa abandonment pressure. The model parameters are listed in 
Table 3.7. Here it is important to keep in mind that the apparent permeability model is 
not applicable for the entire reservoir, but rather for a matrix or fracture block. This is 
because fluid pore pressures do not only change with time during production, but also in 
space with fluid pore pressures being lowest near the wellbore during late-stage (online) 
production. To forecast gas slippage behaviour at relevant in situ conditions, 
experimentally derived gas slippage factors were corrected for gas type (literature data 
from Heller et al. (2014), Letham & Bustin (2015) and Moghaddam & Jamiolahamady 
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(2016a, b) measured with helium or nitrogen instead of methane) and in situ 
temperature by the mean free path ratio at reservoir temperatures (Equations 3.2 and 
3.5). Note that the apparent permeability model takes only into account single-phase gas 
transport. Multi-phase flow and sorption effects are not considered.  
Table 3.7: Reservoir parameters for apparent permeability modelling at in situ pore and confining 
pressure conditions. In situ temperature are used to temperature correct experimental gas slippage 
factors to reservoir conditions and helium gas slippage factors were converted into methane gas 
slippage factors for samples where experimental methane data were not available (Equations 3.2 
and 3.5)  
Reservoir parameters  Unit 
Gas type Methane - 
Lithostatic pressure gradient 0.025 MPa m-1 
Hydrostatic pressure gradient 0.01 MPa m-1 
Surface Temperature 20; (293.15) °C; (K) 
Geothermal gradient 0.03 K m-1 
Initial reservoir pressure 50 % overpressured - 
Abandonment pressure  1  MPa 
Confining pressure range ;(reservoir depth range) 13 – 91; (500 – 3500) MPa; (m) 
 
The permeability evolution is exemplarily shown for the Eagle Ford and the fractured 
Haynesville samples in Figure 3.17A1, B1. The Figure illustrates that reservoir depth 
(Pc) has the largest effect on apparent permeability distribution and its reduction is 
primarily controlled by the effective stress sensitivity.  
During depletion of a reservoir volume at a given depth, confining pressure is constant 
and only pore pressure declines. At the initial stage at high pore pressure, apparent 
permeability evolution is solely dominated by a poro-elastic decrease in permeability 
due to increasing effective stress, which is controlled by the stress-sensitivity and the 
permeability effective stress coefficient χ. Upon further reduction of pore pressure the 
permeability decrease is attenuated when gas slippage contribution starts. At a distinct 
pore pressure a permeability minimum occurs, where increasing gas slippage 
contribution compensates poro-elastic loss of apparent permeability. This minimum 
marks the transition from the poro-elastic dominated realm into the fluid-dynamic 
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dominated realm. In this latter region, permeability increase is controlled by both, the 
stress-dependent permeability decrease and the gas slippage behaviour, which is a 
function of the stress-dependent mean transport pore diameter and the temperature. This 
superposition does not only occur at the minimum, but over a wide range of pore 
pressures (Figure 3.17A2, B2). Especially for intact shale matrix samples with small 
pore diameters, gas slippage can contribute significantly (> 5%) even at pressures as 
high as 15 MPa. 
For the matrix samples studied, the transition between poro-elastic and fluid-dynamic 
dominated realm occurs at pore pressures between 2 and 6 MPa at 500 m depth and 
increases to ranges between 6 and 10 MPa at 3500m depth (Figure 3.18A). For all 
samples, except the Marcellus, the transition moves to higher pore pressures with 
increasing reservoir depth due to an increase in relative gas slippage contribution by 
effective stress (coupling), temperature increase, and attenuated poro-elastic behaviour 
at high stresses especially for power-law fitted samples (Eagle Ford, EagleFord (M), 
Barnett and HaF). The strong negative coupling of the Marcellus data set should not be 
over-interpreted as the slippage results show large variations depending on the 
evaluation methods.  
The predicted maximum apparent permeability loss from 50 % overpressure conditions 
to 1 MPa abandonment pressure at 2000 m is between 25 – 45 % for the samples 
analysed (Figure 3.18B), with the exception of the Eagle Ford (M) sample, which loses 
almost 80 % of its a apparent permeability. At greater depth, the relative loss increases 
due to increased effective stress changes during production. The magnitude of effective 
stress change during depletion is solely controlled by the effective pressure coefficient 
χ. This is why the BoM and the Eagle Ford 127 sample show similar behaviour in the 
poro-elastic realm, although the stress sensitivity of the BoM sample is 3 times higher 
(it is compensated by the low χ values of 0.38).  
Fluid dynamic effects in the shale matrix can significantly increase apparent 
permeability values below 10 MPa. They are most significant below 4 MPa. This 
supports the view that fluid-dynamic effects can play a significant role in shale gas 
production, especially at shallow depths during late-stage production for reservoirs with 
low abandonment pressures.  
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Figure 3.17: Calculated apparent in situ single-phase methane permeability coefficients as a 
function of pore and confining pressure (depth) for (A1) the Eagle Ford 127 and (B1) the 
Haynesville fracture (exemplarily shown). See text for explanation. The arrow indicates the 
apparent permeability evolution at 2500 m reservoir depth (from 50 % overpressure to 1 MPa pore 
pressure). Gas slippage significantly increases matrix permeability of the Eagle Ford 127 sample 
(A1) even at pore pressures > 10 MPa whereas gas slippage contribution for the Haynesville 
fracture (B2) has only minor influence. 
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Figure 3.18: A) Transition between poro-elastic and fluid dynamic realm (apparent permeability 
minima) under reservoir conditions from 0.5 – 3.5 km for all samples studied. The transition for 
matrix shale samples occurs mostly in the 2 - 6 MPa pore pressure range at 500 m depth and 
increases to higher pressures (6 - 10 MPa) at 3500m depth. (B) Normalized (to 50 % overpressure 
conditions) apparent permeability evolution for the samples at 2000 m reservoir depth during 
depletion. Grey boxes indicate the transition from poro-elastic to fluid dynamic realm for matrix 
samples. 
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3.8 Conclusions 
We have performed gas permeability experiments on gas shales and used supplementary 
literature data to investigate fluid-dynamic and poro-elastic superposition effects. 
Separating both effects in the tight (nm sized) and compressible matrix of gas shales is 
an unrealized challenge and has not been performed systematically in the past. By 
choosing a simultaneously fitting approach, poro-elastic and fluid-dynamic effects 
could be separated and described by an apparent permeability model. This can be used 
to predict apparent permeability evolution under in situ conditions. The main 
conclusions are as follows: 
• Permeability of gas shales is more sensitive to changes in confining pressure 
than in pore pressures (χ ≤ 1). Therefore, assuming Terzaghi’s principle in shale 
permeability evaluation is not likely to be valid;  
• Superposition of fluid-dynamic and poro-elastic behaviour under experimental 
conditions occurs over large pore pressure ranges (up to 20 MPa). This has 
substantial impact on data evaluation because a priori assumptions (e.g. constant 
stress conditions or no fluid dynamic effects) may be invalid in certain pressure 
ranges; 
• 3-D kgas (Pc, Pp) plots of experimental data, standard Klinkenberg plots over 
large pore pressure ranges (> 10 MPa) and measurements with inert gases with 
different slippage behaviour can be used as diagnostic approaches in the 
evaluation and interpretation of superposition effects; 
• During depletion of a shale reservoir, apparent matrix permeability may increase 
at pore pressures below 2 – 10 MPa after transition from a poro-elastic to a 
fluid-dynamic dominated realm. This supports the view that fluid-dynamic 
effects can play a significant role in shale reservoirs during late-stage 
production;  
• Reservoir depth has the largest impact on overall permeability and is governed 
by the stress sensitivity. During production, however, low χ values can 
significantly suppress poro-elastic effects. 
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4 PORE STRUCTURE, GAS 
STORAGE AND MATRIX 
TRANSPORT 
CHARACTERISTICS OF 
LACUSTRINE NEWARK 
SHALE 
“Nature is disordered, powerful and chaotic, and through fear of the chaos we impose a 
system on it. We abhor complexity, and seek to simplify things whenever we can 
whatever means we have at hand. In order to achieve an overall explanation we develop 
theories which give structure to natural phenomena: we classify nature into a coherent 
system which appears to do what we say.” – James Burke 
 
Keywords: shale gas; permeability; methane sorption; N2 adsorption; 
porosity 
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4.1 Abstract 
Shale gas production in the U.S. fuelled research activities in unconventional reservoir 
rock characterisation. Most studies focused on organic-rich shales of marine origin, 
while disregarding lacustrine sequences. In this study, thirteen lacustrine shale samples 
from the Newark Basin, NJ, USA are comprehensively characterised in terms of pore 
structure, gas storage and matrix transport characteristics. These thermally overmature 
(VRr 1.4 to 2.7 %) shales have a Na-rich, heterogeneous mineralogy with TOC contents 
of up to 3.6 %.  
Methane sorption capacity is not simply controlled by pore structure characteristics as 
identified with low-pressure N2 and CO2 physisorption or shale components (e.g. clay 
content, TOC).  
Due to visible organic matter porosity and interparticle pores related to organic matter, 
porosity shows a positive correlation with TOC content, which is typical for many 
thermally overmature marine shale sequences. Correspondingly, porosity and TOC 
positively correlate to bedding parallel matrix permeability coefficients (between 2 and 
80 nD at 40 MPa effective stress). In contrast, permeability coefficients perpendicular to 
bedding are two to three orders of magnitude lower. 
Compared to previous studies on marine lithotypes, Newark shales have rather poor gas 
storage properties with average He-porosities of 2.3 % and average methane sorption 
capacities of 0.047 mmol g-1. 
4.2 Introduction 
Knowledge of pore structure is critical for understanding both, fluid flow and storage 
mechanisms in shale (Slatt & O’Brian 2011, Chalmers & Bustin 2012, Clarkson et al. 
2013). Porosity characteristics of shale are very complicated due to the large variability 
in pore sizes (nano-, meso- and macroporosity), microstructure, mineral composition, 
organic carbon (TOC) content and the geologic history of each system. As a result, 
advanced pore structure investigation techniques from other fields were applied to gain 
new insights into nanoporous (< 2 nm, see IUPAC classification) and mesoporous (2 – 
50 nm, IUPAC classification) characteristics of shale. These methods can be divided 
into fluid invasion and radiation methods. Fluid invasion methods include high-pressure 
mercury intrusion (MIP) and low-pressure gas adsorption (N2 and CO2) (e.g. Ross & 
Bustin 2009; Clarkson et al. 2012a, 2013, Kuila & Prasad 2013). Radiation methods 
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include field emission scanning electron microscopy (FE-SEM) and transmission 
electron microscopy (TEM) after preparation of high-quality surfaces by argon ion 
beam milling (e.g., Loucks et al. 2009, Klaver et al. 2012, 2015a, 2016, Milliken et al. 
2013 and references therein) and small and ultra-small angle neutron scattering 
(SANS/USANS) (Mastalerz et al. 2012, Clarkson et al. 2013, Bahadur et al. 2015, King 
et al. 2015, Sun et al. 2016). Application of these methods on marine gas shales 
revealed that porosity, pore size distributions, specific surface area and pore 
morphology may be related to TOC, mineralogy, diagenesis and microstructure. The 
controls are, however, poorly constraint and strongly differ between geologic 
formations.  
Natural gas in shale is stored in both, free and adsorbed state. The adsorbed gas capacity 
is strongly controlled by microporosity due to the large internal surface area. This is 
why several studies found that sorption capacity is often positively correlated with 
TOC, which in turn often positively correlates to microporosity (e.g. Chalmers & Bustin 
2007, Ross & Bustin 2009). However, also clay minerals may significantly contribute to 
adsorbed gas storage capacity (Ross & Bustin 2009, Gasparik et al. 2012, Ji et al. 2012, 
Merkel et al. 2015, 2016). In contrast, only few studies report experimental gas 
permeability data and relate the transport properties to pore structure characteristics 
(Ghanizadeh et al. 2015b, Ismael & Zoback 2016).  
Lacustrine shales have not been in the focus of shale gas research, because the currently 
developed shale gas systems in the U.S. are exclusively of marine origin. In contrast, as 
lacustrine shale is widely distributed in the sedimentary basins of China (Ordos, Bohai, 
Songliao and Sichuan), there is increasing interest in its transport and storage properties 
for shale gas and shale oil development (e.g., Guo et al. 2014, Ji et al. 2014, Fu et al. 
2015, Liu et al. 2015,Wang et al. 2015, Xiong et al. 2016).  
The objective of this study is to investigate porosity characteristics (porosity and pore 
structure), gas transport and storage properties of a lacustrine shale sample series from 
the Newark Basin, New Jersey, USA. The results are discussed with respect to 
information on mineralogy, TOC and thermal maturity into account. The findings will 
help to better understand the geologic controls of such a lacustrine system on matrix gas 
transport and storage properties, which have applications in shale gas exploration and 
production. 
Chapter 4: Pore structure, gas storage and matrix transport characteristics of lacustrine Newark shale 
   91 
4.3 Newark basin Geology and Stratigraphy 
The Newark basin is located in Eastern North America and developed in a huge rifting 
zone (~8000 km long), which resulted in the break-up of Pangea and formation of the 
central part of the Atlantic Ocean from the Late Permian to the Early Jurassic. Normal 
fault systems with significant hanging wall subsidence (1000s of meters) lead to the 
development of individual rift valley basins that were most of the time filled by great 
lakes, far from access to the sea (Van Houten 1964, Olsen 1997, 2010, Olsen et al. 
1996, Schlische 2003). 
The sediment infilling of the Newark half graben system is of continental, largely 
lacustrine origin ranging from early Triassic (Carnian) to Early Jurassic (Hettangian) 
age (Olsen 1986). The fluvial Stockton formation is followed by highly cyclical 
lacustrine strata with a thickness of > 3000 m. They are subdivided into the mostly gray 
and black Lockatong formation, which is overlain by the mostly red Passaic formation. 
Both of them preserve the longest unbroken record of orbital forcing that was studied in 
detail using the Newark Basin Coring Project cores that were also used for this study 
(e.g. Olsen & Kent 1990, 1996, Olsen et al. 1996). 
Cyclical lacustrine strata formed due to lake level fluctuations in a tropical climate 
controlled by orbital parameters. The sedimentary rocks are subdivided based on 
lithology and sedimentary structures into “depth ranks” from 0 – 5 related to the relative 
water depth of the lake during deposition. Rank 0 consists of red mudstone produced by 
playas or dry lakes whereas rank 5 is comprised of microlaminated black organic-rich 
calcareous mudstones produced in deep lakes with perennial chemical stratification. 
High depth rank (3 – 5) units have elevated organic carbon contents (> 1 %) and are 
usually gray or black (Olsen 1986, Olsen et al. 1996, Olsen & Kent 1996). 
4.4 Samples 
For this study, we selected lacustrine mudstone samples from the Lockatong and 
Passaic formations. Overall thirteen locations were sampled, one of them from outcrop 
(Palmyra, Pennsylvania) and twelve from the Newark Basin Coring Project cores 
(NBCP) (Table 4.1). The NBCP recovered over 6770 m (22200 ft) of continuous core 
of excellent quality by offset drilling between seven carefully selected sites. Details on 
the NBCP are published in Olsen et al. (1996) and Olsen & Kent (1996). 
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Sampling focused on black mudstones deposited during lake high-stands to cover a 
highly variable TOC sequence and on a maximal variation in composite depth of > 2500 
m (8600 ft) to cover maturity changes. To analyse the effect of facies changes, we 
furthermore sampled different facies at location 8, 9 and 10 in a very narrow depth 
interval of around 3.5 m (11.4 ft) (Table 4.1). 
From each location cylindrical sample plugs oriented perpendicular to bedding and a 
slab (length: 10 – 30 cm, width: 2 – 3 cm) were cut from the whole core using water as 
lubricant. Additionally, on three locations (3, 11 and 13) plugs were drilled parallel to 
bedding. 
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Table 4.1: Sample list: composite depth, formation and member classification, lithofacies description and depth rank follow Olsen (1985, 1986, 1996), Olsen & Kent (1996). 
1 ft = 0.305 m. 
Sample 
Location 
Well Depth [ft] 
Composite 
depth [ft] 
Formation Member Lithofacies Depth rank 
1 Weston 1 1792.0 - 1792.4 3400 Passaic Ukrainian Finely-microlaminated black mudstone 4 - 5 
2 Somerset 1 1428.2 - 1428.7 5300 Passaic Metlars Gray massiv mudstone 3 
3 Titusville 2 72.1 - 72.4 7300 Passaic Perkasie Finely-microlaminated black mudstone 4 - 5 
4 Outcrop 0 9000 Passaic Warford Finely laminated darkgray-black mudstone 4 
5 Titusville 1 2951.0 - 2951.6 9800 Lockatong Tumble Falls Finely-microlaminated black mudstone 4 - 5 
6 Nursery 1 360.9 - 361.5 9900 Lockatong Walls island Thin bedded darkgray-black mudstone 3 
7 Nursery 1 1468.6 - 1469.4 10600 Lockatong Tohickon Finely-microlaminated black mudstone 4 - 5 
8 Nursery 1 1623.5 - 1624 10700 Lockatong Skunk hollow Gray massiv mudstone 2 
9 Nursery 1 1614.6 - 1615.4 10700 Lockatong Skunk hollow Red massiv mudstone 0 
10 Nursery 1 1626.5 - 1627 10700 Lockatong Skunk hollow Dark gray mudcracked mudstone 2 
11 Princeton2 179.3 - 180.5 11100 Lockatong Ewing creek Finely-microlaminated black mudstone 4 - 5 
12 Princeton 1 310.9 - 311.5 11300 Lockatong Nursery Thin bedded darkgray-black mudstone 3 
13 Nursery 1 3044.8 - 3044.9 12000 Lockatong Wilburtha Thin bedded dark gray-black mudstone 3 
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4.5 Methods 
4.5.1 Sample preparation 
Cylindrical plugs of 28.5 mm diameter and 15 to 47 mm length were drilled either 
perpendicular or parallel to bedding from core. Plugs were dried in a vacuum oven for at 
least 48 hr at 105 °C until weight constancy and used for transport and porosity 
experiments.  
For high-pressure methane sorption experiments, total sulphur and Rock-Eval Pyrolysis, 
a subsample (20 to 40 g) of the core slab material was ground to a size of < 0.1 mm and 
dried for at least 48 hr at 105 °C.  
X-ray diffraction (XRD) and low-pressure physisorption experiments were performed 
on sieved size fractions prepared after manual crushing of another core slab subsample 
(10 to 20 g) in a mortar. 
4.5.2 Petrographic analysis and VRr 
Polished blocks used for petrographic analysis and vitrinite reflectance measurements 
(VRr) were produced following the procedure and using instruments described in 
Sachse et al. (2012).  
Vitrinite reflectance measurements were performed under oil immersion (ne = 1.518) on 
a Zeiss Axio Imager microscope equipped with a tungsten-halogen lamp, a 50/0.85 
Epiplan-NEOFLUAR oil immersion objective and a 546 nm filter. A cubic-zirconia 
standard with 3.125 % reflectance was used for calibration. Details of the analytical 
procedure and instrumentation are described in Littke et al. (2012). 
4.5.3 Geochemical and mineralogical analysis 
4.5.3.1 TOC, TIC, TS and Rock-Eval Pyrolysis 
Total organic carbon (TOC) and total inorganic carbon (TIC) were measured on 
powdered samples with a liquiTOC II analyser. The instrument operates in a non-
isothermal mode and analyses the released CO2 during heating with a non-dispersive 
infra-red detector (NDIR). TOC and TIC can be analysed during one temperature ramp 
without previous acidification. 
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Total sulphur (TS) content was measured with a LECO S200 analyser and Rock-Eval 
pyrolysis measurements were performed on a Rock-Eval VI instrument following the 
procedure initially described in Espitalié et al. (1977). 
4.5.3.2 Quantitative X-ray diffraction analysis 
Bulk mineralogical compositions were derived from diffraction patterns of randomly 
oriented powder preparates. Core slab material was crushed manually in a mortar to 
avoid strain damage. To ensure uniform crystallite sizes, the 400 – 800 µm size fraction 
with an internal standard (Corundum, 20 wt %) was milled in ethanol for 15 min with a 
McCrone Micronising mill. The standard was added to evaluate the accuracy of the 
analysis. 
The measurement was done on a BrukerAXS D8 Advance diffractometer using a 
CuKα-radiation produced at 40 kV and 40 mA. Diffractograms were recorded from 2° 
to 92° 2θ in 0.02° steps. 
Quantitative phase analysis was performed by Rietveld refinement usig the BSGM 
software with customized clay mineral structure models (Ufer et al. 2008). Mineral 
compositions relate to the crystallite content of the analysed samples. 
4.5.4 Porosity and pore size distribution measurements 
4.5.4.1 Low-pressure N2 physisorption analysis 
Measurements were performed using a Micrometrics Gemini VII 2390t apparatus on the 
63 – 200 µm grain size fraction. Approximately 1 g of sample material was degassed at 
a vacuum below 2 Pa in a Micromeritics VacPrep 061 at 110 °C for at least 24h.  
For nitrogen physisorption analysis, adsorption and desorption measurements were 
performed in a nitrogen bath (77.3 K) at 90 relative pressure steps (p/p0) between 0.01 
and 0.995. At each step, the equilibrium criteria was fulfilled, when the pressure change 
over 20 s was less than 0.01% of the previous step. The nitrogen saturation pressure was 
recorded separately for each step.  
Specific surface area was determined by the multipoint BET-method and the relative 
pressure range for the regression was determined from Rouquerol-plots (Rouquerol et 
al. 2013). The cross-sectional area of the nitrogen molecule used was 0.162 nm2 (ISO 
9277:2010 standard). 
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N2-porosity was calculated from the total pore volumes (cm3 g-1) determined by means 
of the Gurvich rule at a relative pressure of 0.995 (assuming density of adsorbed N2 of 
28.8 mol L-1) and skeletal densities. Skeletal densities were determined from the 
minerology based on XRD and TOC. 
Mesopore size distribution was calculated using the N2 adsorption branch based on the 
Barrett-Joyner Halenda (BJH) method (Barrett et al. 1951, DIN66134). 
4.5.4.2 He-porosity 
Skeletal densities ρsk of	all	sample	plugs	in	dried	condition	were	determined	by	helium	
expansion	 (pycnometry)	 in	 calibrated	 stainless	 steel	 containers	 (Ghanizadeh et al. 
2014a, b). Pressure equilibration (due to gas flow into the sample) after gas expansion 
was checked for each measurement individually. This was necessary due to long 
equilibration times of up to ten hours.	
Bulk densities ρb were calculated from plug diameters and lengths determined by 
calliper measurements and the plugs mass. He-Porosity ϕHe	values	were	then	calculated	
accordingly	(ϕHe	=	1	-	ρsk / ρb). 
4.5.4.3 Water-filled porosity 
Water-filled porosity was measured by the liquid saturation and immersion technique on 
three individual rock fragments (2 – 10 g) from each location and on sample plugs. It 
determines the porosity by saturating a rock sample with de-ionized water and 
calculating the pore volume from the weight difference between fully saturated and dry 
states. The skeletal volume is determined by immersing it in the fluid using 
Archimedes’ Principle. With this, bulk density, skeletal density and porosity can be 
determined. For details and discussion on the method for shales the reader is referred to 
Kuila et al. (2014). 
For this procedure sample fragments were dried under vacuum at 105 °C for 48 hr. 
Saturation was performed using a water-floodable desiccator. The samples are placed in 
the desiccator and then the system was evacuated for 48 hr to remove the air in the 
samples’ pore space. Afterwards the samples are flooded with de-ionized water in the 
evacuated desiccator. Afterwards, the sample is pressurized with 0.1 MPa at the 
atmosphere for 48 hr. 
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4.5.5 Stress-dependent gas permeability measurements 
Gas permeability coefficients were measured on cylindrical sample plugs with helium 
gas as permeate at 25 °C (298 K) under dry condition. Sample plugs were sandwiched 
between porous stainless steel discs and installed into triaxial flow cells (Schlömer & 
Krooss 1997, Hildenbrand et al. 2002). They were then loaded to a pressure level of 40 
MPa by applying axial pressure with a hydraulic piston and radial confining pressure 
generated either by an ISCO 160D Syringe pump or a Wille syringe pressure pump. 
After installation the system was flushed with helium and leak-tested. 
Stress-dependent permeability measurements were conducted at confining pressure 
levels of 40, 30, 20 and 10 MPa during unloading. At each confining pressure level, 
flow tests were then performed after stress equilibration of at least one week at various 
pore pressures from 0.5 – 5 MPa. 
Single-phase gas permeability tests were performed by the non-steady state (pressure 
pulse decay) technique in a closed system with calibrated reservoirs (2 10-6 m3 - 3 10-6 
m3; ± 0.1 10-6 m3) at the upstream and downstream side of the sample. For a single test, 
a pressure pulse of 0.5 MPa was applied on the upstream side of the sample and the 
pressure decline/increase of both reservoirs was monitored with digital pressure 
transducers (Keller PAA 33X, precision of ±0.01 % of the full scale value; max. 16 
MPa). 
4.5.5.1 Gas permeability calculation procedure 
The non-steady state apparent gas permeability coefficients kgas (m2) were determined 
using on the following relationship (Saghafi et al. 2010, Saghafi & Pinetown 2011). 𝑘!"# =  −   ! ! ! !!,!  ! !! ( !!!! !!!)         (4.1) 
Here V1 and V2 are the calibrated upstream and downstream volumes (m3) of the 
measuring device, η (Pa s) is the dynamic gas viscosity at the corresponding pressure 
and temperature (data from NIST chemistry webbook, Linstrom & Mallard 2001). As 
pore pressures will vary over the pressure gradient, the mean pore pressure Pp (Pa) is 
approximated by the arithmetic mean of upstream Pup and downstream Pdown pressures. 𝑃! = !!"!!!"#$!          (4.2) 
and c is the slope of ln(Pup(t)-Pdown(t)) vs. time derived from the recorded pressure data. 	
The derivation of Equation 4.1 is described in Ghanizadeh et al. (2014a) as well as the 
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procedure of calculating the gas permeability coefficients. 
Apparent gas permeability coefficients in m2 were then transformed into Darcy units 
(1D = 9.87 10-13 m2). 
4.5.5.2 Klinkenberg effect (slip flow) 
Slip flow is a non-Darcy flow effect of gases in porous media that occurs when the 
average size of transport pore diameters is in the order of the mean free path of the gas 
(Klinkenberg 1941). Then, the relative proportion of gas molecule-pore wall interaction 
(slip flow) becomes increasingly important as compared to viscous (Pouseuille) flow. In 
consequence, the “apparent” gas permeability coefficients are higher at a given mean 
pressure than the “intrinsic” permeability coefficients. Slip flow is dominant in the 
micro and meso-porous matrix system of shale, especially under laboratory conditions 
at low pore pressures (Wu et al. 1998, Rushing et al. 2004, Tanikawa & Shimamoto 
2009, Letham & Bustin 2015). 	
Klinkenberg (1941) showed that measured (apparent) gas permeability coefficients kgas 
are linearly correlated with the reciprocal mean pore pressure Pp. kgas approaches a 
limiting value at infinite pore pressures, the Klinkenberg-corrected permeability k∞ 
which is calculated by the straight-line intercept of a plot with measured permeability 
over the reciprocal mean pore pressure (Klinkenberg-plot). 𝑘!"# = 𝑘!(1+ !!!)         (4.3) 
In the Klinkenberg equation (Equation 4.3) b (Pa) is the gas slippage factor. It is 
dependent on the properties of the gas and the porous medium at defined effective stress 
conditions. 
4.5.6 High-pressure methane sorption experiments 
High-pressure methane sorption experiments were conducted on manometric setups up 
to pressures of 20 MPa at 45 °C (318 K) on dried powder. Details on the experimental 
procedure and setup were previously published in Weniger et al. (2010) and Gasparik et 
al. (2012, 2013, 2014). 
The temperature controlled measuring device consists of a stainless steel sample cell 
(SC) and a calibrated reference cell (RC) equipped with a high-precision pressure 
transducer (max. 30 MPa, 0.05 % precision of full scale value) and two automatized 
high-pressure valves. Each experiment is executed using the following procedure: 
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(1) Leak – testing of the system using helium at 10 MPa. Leakage rate must be < 
500 Pa per hour; 
(2) Void volume (Vvoid) determination by helium expansion from the calibrated RC 
into the SC containing the sample (He-Pycnometry). Helium is used under the 
assumption that its adsorption can be neglected;  
(3) Evacuating the system with a vacuum pump to remove helium; 
(4) Perform methane sorption experiment by successively transferring the absorbing 
gas phase from the RC into the SC until the pressure reaches 20 MPa. Pressure 
equilibration after each expansion is usually reached after 1 – 5 hours. 
4.5.6.1 Excess sorption calculation and parameterisation of methane sorption isotherms 
The excess sorption amount (nexcess) is calculated from the difference between the total 
amount of gas transferred (ntrans) into the SC and the mass of the “unadsorbed” gas 
occupying the previously determined void volume (Vvoid) of the SC: 𝑛!"#!$$ 𝑃,𝑇 =  𝑛!"#$% 𝑃,𝑇 −  𝜌! 𝑃,𝑇  𝑉!"!"     (4.4) 
Here 𝜌!  is the molar gas density calculated at the corresponding pressure and 
temperature conditions using the GERG equation of state (EOS) (Kunz & Wagner 
2012). The measured results are in molar units normalised to the sample mass (mmol g-
1). 
The resulting excess isotherms were then “blank-corrected” following the procedure of 
Gasparik et al. (2014). The idea is to isolate sample behaviour from experimental 
artefacts that become increasingly important for materials with low sorption capacities, 
such as shales. Artefacts may be a combination of unknown systematic errors in 
measured p – T conditions; the EOS; gas impurities; interaction of the gases with the 
inner wall of the instrument (Gasparik et al. 2014). Blank measurements with helium 
and methane were performed with a non-adsorbing stainless steel specimen of known 
volume similarly to “normal” sorption measurements. The resulting “blank” excess 
isotherms are normalised to the void volume and are setup specific. To obtain the final 
“blank-corrected” isotherm, the “blank” isotherms are subtracted from the measured 
“raw” excess sorption isotherms.  
An adapted Langmuir function, which takes into account the volume occupied by the 
adsorbed phase is then used to parameterize the excess sorption isotherms (Gasparik et 
al. 2012, 2014): 
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𝑛!"#!$$ =  𝑛!  !!!(!)!! (1− !!!!"#)       (4.5) 
Here, nexcess (mmol g-1) is the measured excess amount of substance at a pressure P (Pa). 
nL (mmol g-1) is the Langmuir volume at which the “Langmuir monolayer” is fully 
occupied which denotes the maximum amount of adsorbed substance. The Langmuir 
pressure PL (Pa) defines the slope of the isotherm and corresponds to the pressure where 
half of the “monolayer” sorption sites are occupied and 𝜌!"# the adsorbed phase density. 
The density of the adsorbed phase was considered as the liquid density at boiling 
temperature and ambient pressure (423 kg m-3 for CH4) (Dreisbach et al. 1999). 
4.6 Results 
4.6.1 Mineralogical characterization and maturity 
According to quantitative XRD, the main minerals in Newark samples are feldspars (23 
– 62 wt %) followed by clays (17 – 51 wt %) and carbonates (2 – 42 wt %). Quartz only 
occurs as a minor phase (0 – 14 wt %) and three samples contain analcime (13 – 32 wt 
%) (Table 4.2). The shale mineralogy is displayed in Figure 4.1. 
Figure 4.1: Ternary diagram of Newark shale mineralogy. 
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Table 4.2: Results from XRD measurements. flsp – feldspar; kaol – kaolinite; dol – dolomite; ank – ankerite; sid – siderite; an – anatase; anc – analcime; il – ilmenite. 
Sample 
Location 
Quartz 
[wt %] 
flsp 
[wt %] 
Albite 
[wt %] 
K-flsp 
[wt %] 
Clay+Mica 
[wt %] 
TOT 
[wt %] 
Chlorite 
[wt %] 
kaol. 
[wt %] 
Carbonate 
[wt %] 
Calcite 
[wt %] 
dol/ank 
[wt %] 
Pyrite 
[wt %] 
Others 
[wt %] 
1 5.5 27.8 27.8 0.0 50.8 32.5 16.1 2.1 13.5 8.9 4.2 1.3 sid (0.4), an(1.1) 
2 2.4 36.7 36.7 0.0 18.1 7.3 10.3 0.6 42.5 5.1 37.4 0.3 - 
3 13.6 36.9 36.9 0.0 17.1 13.5 1.9 1.6 30.8 1.0 29.8 1.6 - 
4 11.3 51.3 47.2 4.1 26.0 15.4 9.7 0.9 7.6 0.2 7.4 2.6 anhydrite (1.2) 
5 0.0 47.4 23.3 24.1 33.3 33.3 0.0 0.0 18.7 0.0 18.7 0.6 - 
6 2.3 62.3 43.0 19.3 23.8 17.8 6.0 0.0 11.6 0.0 11.6 0.0 - 
7 1.4 47.5 31.2 16.3 28.1 26.1 1.9 0.0 23.1 1.2 21.9 0.0 - 
8 0.6 31.5 27.8 3.7 33.1 30.4 1.3 1.4 7.0 0.0 7.0 0.0 anc (27.3),il (0.6) 
9 1.0 23.1 18.9 4.2 35.5 31.7 3.9 0.0 6.3 0.0 6.3 0.0 anc (31.5), he (2.5) 
10 1.5 40.5 33.5 7.0 43.1 34.7 7.8 0.6 2.2 0.0 2.2 0.0 anc (12.8) 
11 0.7 46.8 14.0 32.7 31.6 31.6 0.0 0.0 20.1 0.0 20.1 0.8 - 
12 0.2 52.9 29.6 23.3 28.3 23.2 5.1 0.0 16.8 0.0 16.8 0.0 apatite (1.8) 
13 1.2 36.4 25.7 10.7 23.6 16.0 7.1 0.6 37.9 0.0 37.9 0.4 an (0.5) 
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Low-stand lake level condition samples from location 8, 9 and 10 contain analcime, a 
Na-rich zeolite mineral, as a major phase. Moreover, albite (Na feldspar) is the primary 
feldspar component compared to K- feldspar in most samples, especially in the Passaic 
formation and the analcime samples. The Na-rich nature of these sediments has been 
described by El-Tabakh & Schreiber (1994) and Van de Kamp & Leake (1996). These 
authors interpreted that most sodium was added to the mudstones after deposition by 
Na-enriched brines that formed by evaporation during semi-arid to arid times. During 
early diagenesis, Na-enriched brines led to Na-replacement in feldspars and formation 
of authigenic albite and analcime by reaction with detrital silicates. 
In the XRD profile no specific reflection related to the presence of smectite is observed 
(a broad 001 reflection between 12 – 15 Ångströms) indicating that the Newark samples 
do not contain pure smectite. Illite, muscovite and illite/smectite (I/S) interstratified clay 
are quantified together as the TOT clay content (Ufer et al. 2004, 2008). TOT clay is 
present as the main clay component (40 – 100 wt % of clays) followed by chlorite (0 – 
60 wt % of clays) and kaolinite (0 – 10 wt % of clays).  
Minerals from the carbonate group present are mainly dolomite/ankerite (2 – 38 wt %) 
with some samples containing calcite (0 – 9 wt %). 
Elemental analysis results reveal total organic carbon contents (TOC) up to 3.4 % and 
total sulphur contents (TS) between 0.03 and 1.8 % (Table 4.3). The respective TOC/TS 
ratios range between 0.7 and 22 for samples with TOC >1 %. The large variation in 
TOC/TS ratios indicate a large variation in available hydrogen sulphide during 
deposition. TOC/TS ratios > 5 indicate freshwater conditions and low ratios between 
0.5 and 5 are usually found in marine shales, but could also occur in enclosed lacustrine 
systems by evaporative sulphate enrichment (Berner & Raiswell 1984). Most sulphur is 
present as large, sometimes up to mm-sized pyrite crystals that are microscopically well 
visible in incident light and sometimes even without magnification. 
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Table 4.3: Results of the vitrinite reflectance (VRr), total organic and inorganic carbon content 
(TOC, TIC), total sulphur content (TS) and Rock-Eval Pyrolysis (S1, S2 and S3).  TOC and TIC 
data are the mean values from measurements on two subsamples. 
Sample 
Location 
VRr 
[%] 
TOC 
[wt %] 
TIC 
[wt %] 
TS 
[wt %] 
S1 
[mg HC g-1] 
S2 
[mg HC g-1] 
S3 
[mg CO2 g-1] 
1 1.85 2.0 0.9 0.8 0.07 1.02 1.44 
2 - 0.4 4.9 0.4 0.04 0.23 1.16 
3 2.52 3.4 3.2 1.2 0.18 0.34 1.41 
4 1.43 1.4 0.7 1.8 - - - 
5 2.46 1.9 2.5 0.4 0.06 0.29 1.39 
6 - 0.7 0.9 0.6 0.04 0.24 1.18 
7 2.17 2.3 3.0 0.1 - - - 
8 - 0.3 1.0 0.0 0.04 0.19 1.25 
9 - 0.2 0.8 0.1 0.04 0.2 1.21 
10 2.51 0.3 0.2 0.1 - - - 
11 2.05 1.8 2.5 0.2 - - - 
12 - 1.0 2.2 0.0 - - - 
13 2.70 0.8 3.3 0.1 - - - 
Vitrinite reflectance (VRr) of the sample suite ranges between 1.43 % and 2.7 % 
indicating that all samples are overmature with respect to oil generation and have 
reached temperatures larger than 180 °C. These results are supported by the results of 
the Rock-Eval pyrolysis (Table 4.3). Very low S1 and S2 values (< 1.1 mg HC g-1 rock) 
indicate that the rocks are in the thermogenic gas generating stage. For the same wells, 
VRr was previously measured by Malinconico (2002) and the deviation between her 
results and those presented here for adjacent samples is < 0.25 %. Using the VRr data of 
Malinconico (2002) and structural restoration, Withjack et al. (2013) estimated up to 6 
km of erosion in parts of the Newark basin. 
4.6.2 Low-pressure gas adsorption 
N2 physisorption isotherms of the Newark samples show a shape that is commonly 
observed on shale (Clarkson et al. 2013, Kuila & Prasad 2013, Mastalerz et al. 2013, 
Cao et al. 2015, Chen et al. 2015) (Figure 4.2). It is classified as Type IIB with a 
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hysteresis loop above relative pressures of 0.45 indicating capillary condensation of 
nitrogen in mesopores (Rouquerol et al. 2013). Below a relative pressure of 0.42 the 
hysteresis loop should close when the menisci controlling desorption become unstable 
(‘tensile strength effect’, Groen et al. 2003). However, most isotherms also display 
hysteresis below relative pressures of 0.42. This low-pressure hysteresis (LPH) is 
common for mature black shales and interpreted to be related to incomplete 
equilibration during measurements (Bertier et al. 2016). The absolute amount of LPH 
determined at a relative pressure of 0.25 ranges between 0.003 to 0.0249 mmol g-1. 
 
Figure 4.2: N2 physisorption isotherm. Data of sample 1 is exemplarily shown. 
BET specific surface areas (Asp) range from 1.4 to 13.3 m2 g-1 and Gurvich pore 
volumes (at p/p0 = 0.995) range between 0.0127 to 0.0332 cm3 g-1. Specific micropore 
volumes determined by the t-plot technique with the Harkins-Jura thickness equation 
range between 0 and 0.0028 cm3 g-1 (Table 4.4).  
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BJH (Barret, Joyner and Halenda) pore size distributions of most samples follow a 
similar trend with no local maxima in the dv/dlog(D) representation (Figure 4.3). The 
only exceptions are sample 3 with a maximum at 10 nm and sample 9 (red facies) with a 
maximum at 50 nm.  
 
Figure 4.3: BJH pore size distributions obtained from the N2 adsorption branch. 
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Table 4.4: N2 Gurvich pore volumes, BET specific surface areas (Asp) and C value, absolute amount 
of low pressure hysteresis (LPH). 
Sample 
Location 
Gurvich pore volume 
[cm3 g-1] 
BET Asp 
[m2 g-1] 
C	
	
Micropore volume (t-plot) 
[cm3 g-1] 
LPH 
[mmol g-1] 
1 0.033 13.3 159	 0.0028 0.0193 
3 0.028 10.4 135	 0.0009 0.0249 
4 0.020 3.4 72	 0.0002 0.0091 
5 0.017 2.6 54	 * 0.0194 
6 0.017 1.8 61	 * 0.0056 
7 0.017 3.1 86	 0.0000 0.0146 
8 0.013 1.4 71	 * 0.0003 
9 0.021 3.6 124	 0.0001 0.0005 
10 0.013 2.4 113	 0.0000 0.0020 
11 0.025 6.1 88	 0.0007 0.0175 
12 0.023 4.7 96	 0.0002 0.0097 
13 0.014 3.1 127	 0.0004 0.0067 
 
4.6.3 Porosity 
Porosities were calculated from He-pycnometry measurements, the water saturation and 
immersion technique and from the N2-physisorption data (Table 4.5). 
He-porosities on 17 plugs ϕHe, plug range between 0.6 and 5.3 % with a mean value of 2.4 
%. Water filled porosity on plugs (ϕH2O, plug) range between 0.4 and 5.1 % with a mean 
value of 2.2 % and water filled porosity on sample chips (ϕH2O, chips) range between 0.9 
and 7.1 % with a mean value of 2.6 %. Gurvich pore volume from nitrogen 
physisorption were calculated into N2 porosities (ϕN2) by using the skeletal densities 
from He-pycnomtery as input. ϕN2 values range between 3.3 and 8.2 % with an average 
of 5.1 %. 
 
Chapter 4: Pore structure, gas storage and matrix transport characteristics of lacustrine Newark shale 
   107 
Table 4.5: Water-filled porosity (ϕH2O, chips) on chips and N2 porosities from the Gurvich pore 
volume results. Bulk density (ρb), skeletal density (ρsk), he-porosity (ϕHe) anf water filled porosities 
(ϕH2O, plugs) were determined on sample plugs oriented parallel (∥ ) and perpendicular ( ⊥ ) to 
bedding. 
Sample 
Location 
φH2O, chips 
[%] 
φN2 
[%] 
Plug 
ori. 
ρb, plugs 
[g cm-3] 
ρsk, H2O 
[g cm-3] 
φH2O, plugs 
[%] 
ρsk, He 
[g cm-3] 
φHe, plugs 
[%] 
1	 4.1	 8.2 ⊥	 2.60	 2.69	 3.8	 2.69	 3.4	
2	 2.3	 - ⊥	 2.71	 2.77	 2.0	 2.77	 2.2	
3	 7.1	 7.1 ∥	 2.54	 	 	 2.68	 5.3	
⊥	 2.57	 2.70	 5.1	 2.71	 5.0	
4	 2.6	 5.2 ⊥	 2.64	 2.70	 2.3	 2.71	 2.6	
⊥	 2.65	 2.69	 2.1	 2.71	 2.2	
5	 2.1	 4.4 ⊥	 2.66	 2.74	 1.9	 2.72	 2.1	
6	 1.9	 4.3 ⊥	 2.65	 2.69	 1.5	 2.68	 1.4	
7	 2.3	 4.5 ⊥	 2.64	 2.71	 2.3	 2.70	 2.2	
8	 0.9	 3.3 ⊥	 2.62	 2.64	 0.4	 2.63	 0.6	
9	 2.5	 5.3 ⊥	 2.57	 2.61	 1.6	 2.59	 0.8	
10	 1.5	 3.3 ⊥	 2.64	 2.69	 1.7	 2.69	 1.8	
11	 3.6	 6.3 ∥	 2.62	 	 	 2.72	 3.8	
⊥	 2.60	 2.71	 4.0	 2.70	 3.7	
12	 2.1	 5.8 ⊥	 2.66	 2.71	 1.3	 2.70	 1.4	
13	 1.3	 3.7 ∥	 2.67	 	 	 2.72	 1.7	
⊥	 2.79	 2.81	 1.0	 2.82	 1.1	
 
4.6.4 Gas permeability measurements 
Gas permeability measurements were performed on overall nine dry sample plugs from 
six sample locations. Three of these plugs are oriented parallel (∥) to bedding and six 
are oriented perpendicular (⊥) to bedding (Table 4.6).  
Experimental Investigation of Gas Transport and Storage Processes in the Matrix of Gas Shales 
108   
We performed over 100 pressure pulse decay tests with helium at confining pressures 
between 10 and 40 MPa and pore pressures between 0.5 and 5 MPa. The apparent gas 
permeability results range between < 0.02 nD and 870 nD.  
For three sample plugs with extremely low apparent permeabilities (< 1 nD), it was 
necessary to increase the initial pressure difference over the sample from 0.5 MPa to > 4 
MPa to allow for the detection of pressure decline/incline. For these samples it was not 
possible to measure permeability coefficients at low mean pore pressures (< 2 MPa). 
Table 4.6: Klinkenberg-corrected helium gas permeability (k∞) and gas slippage factor (b) at 40 
MPa confining pressure. k∞,0, αk, b∞,0 and β are the fitting results from stress-dependent 
measurements. *maximum k∞ estimate from measured apparent permeabilities at 40 MPa 
confining pressure. 
Sample 
Location 
Plug 
ori. 
Pc = 40 MPa 𝒌! = 𝒌!,𝟎 ∙ 𝒆∝𝒌∙𝝈! 𝒃 = 𝒃𝟎 + 𝜷 ∙  𝝈! 
k∞	[nD] b	[MPa] k∞,0	[nD]	 αk	[MPa-1] b0	[MPa] β	[MPa-1] 
3	
∥	 80.00	 3.97	 160	 -0.017	 1.97	 0.048	
⊥	 6.79	 8.59	 -	 -	 -	 -	
7	 ⊥	 4.15	 1.90	 19.7	 -0.039	 1.06	 0.021	
9	 ⊥	 1.22	 1.58	 6.51	 -0.044	 0.43	 0.029	
11	
∥	 17.78	 4.95	 43.15	 -0.022	 1.16	 0.093	
⊥	 3.21	 4.51	 3.94	 -0.013	 2.55	 0.050	
12	 ⊥	 0.02*	 -	 -	 -	 -	 -	
13	
∥	 2.34	 2.39	 3.94	 -0.013	 1.73	 0.015	
⊥	 0.03*	 -	 -	 -	 -	 -	
 
4.6.4.1 Klinkenberg-correction 
The samples show strong gas slippage behaviour under the experimental conditions as 
apparent gas permeability coefficients linearly decrease with decreasing reciprocal 
mean pore pressure (Klinkenberg-plot) at a given confining pressure level (Figure 4.4). 
Klinkenberg-correction was performed to obtain Klinkenberg-corrected permeability 
coefficients k∞ and gas slippage factors b. k∞ values range from 1.22 to 130 nD and gas 
slippage factors b from 0.7 to 8.6 MPa. For the three samples, where apparent 
permeabilities could only be measured at high pore pressures, Klinkenberg-correction 
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could not be applied and the measured apparent permeabilities were used as a maximum 
k∞ estimate. 
 
Figure 4.4: Klinkenberg plot of sample 3 (||) (exemplarily shown). Apparent permeability 
coefficients linearly decrease with decreasing reciprocal mean pore pressure at a given confining 
pressure level. The y-intercept is the Klinkenberg-corrected permeability k∞. 
4.6.4.2 Stress-dependence of permeability 
With increasing confining pressure level, apparent (at a given pore pressure) and 
Klinkenberg-corrected permeability coefficients decrease (Figure 4.4). To investigate 
the stress-dependence of permeability, Klinkenberg-corrected permeability coefficients 
as a function of effective confining stress were measured upon unloading from 40 to 10 
MPa on six sample plugs (Figure 4.5). The permeability-effective stress data can be 
fitted to an exponential law of the form (e.g. Pathi	2008,	Chalmers et al. 2012b, Tinni	
et	al.	2012,	Ghanizadeh	et	al.	2013,	2014a,	b,	Fink	et	al.	2017a,	b): 𝑘! = 𝑘!,! ∙ 𝑒∝!∙!!         (4.6) 
kapp = 317 Pp-1 + 80
R² = 0.9999
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Here, k∞,0 (m2 or D) is the Klinkenberg-corrected permeability coefficient at zero net 
effective stress (σ´	 =	 Pc	 –	 Pp	 =	 0)	 (Pa)	 and αk (Pa-1) is an adjustable parameter 
(compressibility coefficient) describing the stress sensitivity of k∞. 
During unloading from 40 to 10 MPa Klinkenberg-corrected permeability coefficients 
increase by a factor between 1.5 and 4.  This corresponds to stress sensitivity factors αk 
between -0.013 and -0.044 MPa-1 (Table 4.6).  
 
Figure 4.5: Stress-dependence of permeability: Klinkenberg-corrected permeability coefficients 
increase with decreasing Terzaghi effective stress upon unloading. For samples with low 
permeabilities, measured apparent permeability values were used as a maximum k∞ estimate. 
4.6.4.3 Stress-dependence of gas slippage 
Gas slippage factors mostly decrease with decreasing effective stress from 40 to 10 MPa 
(Figure 4.6). The stress-dependence of the slippage factor can be fitted by a linear 
relationship (Fink et al. 2017b): 𝑏 = 𝑏! + 𝛽 ∙  𝜎!         (4.7) 
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Here, b0 (MPa) is the gas slippage factor at zero effective stress !"#$!$%&'!()*$+,-$./01-$
02$+,-$/3"-!4$5-.+$23+$3"#36!+3"7$.+4-..$.-".3+383+9:$!$8!/;-.$204$+,-$.+;#3-#$.!<1/-$1/;7.$
4!"7-$5-+=--"$>:>)?$!"#$>:>@A$&'!()$%Table 4.6*:$
 
Figure 4.6: Stress-dependence of gas slippage factors b: b values linearly decrease with decreasing 
Terzaghi effective stress upon unloading. 
4.6.5 Methane excess sorption isotherms 
High-pressure methane excess sorption isotherms were measured on all 13 samples at 
45 °C (318 K) up to 20 MPa in dry condition and are well represented by the Langmuir 
model (Figure 4.7). Maximum measured excess sorption capacities range from 0.014 
mmol g-1 to 0.075 mmol g-1 with a mean value of 0.047 mmol g-1. Parameters PL and nL 
from Langmuir fitting range between 2.7 to 16.3 MPa and 0.027 to 0.94 mmol g-1, 
respectively (Table 4.7). 
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Figure 4.7: Methane excess sorption isotherms at 45 °C (318 K) measured on dry samples. Lines are 
best-fit results of the Langmuir model (Equation 4.5). 
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Table 4.7: Maximum measured methane excess sorption capacity (45 °C (318 K), dry condition) 
and Langmuir fitting parameters (Equation 4.5). 
Sample 
Location 
Max. CH4 excess sorption 
 [mmol g-1] 
Langmuir volume n∞  
[mmol g-1] 
Langmuir pressure PL  
[MPa] 
1 0.059 0.071 4.77 
2 0.050 0.071 7.90 
3 0.059 0.085 3.89 
4 0.048 0.069 8.49 
5 0.023 0.043 6.25 
6 0.031 0.043 3.47 
7 0.071 0.086 3.90 
8 0.014 0.021 9.46 
9 0.025 0.030 4.19 
10 0.031 0.045 8.64 
11 0.075 0.087 3.32 
12 0.063 0.077 3.90 
13 0.058 0.078 6.58 
 
4.7 Discussion 
4.7.1 Comparison of porosity results from various techniques 
Porosities of shales are often used rather uncritically as an intrinsic property, without 
taking the limitations and measuring procedures of the individual technique into 
consideration (Clarkson et al. 2013, Kuila et al. 2014, Bertier et al. 2016, Busch et al. 
2017). Limitations can for example be fluid accessibility to the pore space, fluid-rock 
interactions and optical resolution. The porosity results from various techniques of the 
13 locations studied are summarized in Figure 4.8. Included are also surface roughness 
corrected porosities from mercury intrusion porosimetry (MIP) and imaged porosities 
by means of scanning electron microscopy on argon ion milled surfaces (BIB-SEM) 
(Sinn 2016). MIP and BIB-SEM porosities were measured on the parallel plugs from 
location 3, 11 and 13.  
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Figure 4.8: Porosity results from He-pycnometry, water immersion and N2 physisorption. MIP and 
BIB-SEM porosities for location 3, 11 and 13 are additionally given (data from Sinn 2016). 
Porosities measured by water saturation and immersion technique and He-pycnometry 
on the exact same sample plugs yielded results that are in excellent agreement (Figure 
4.9). This indicates that water and helium likely access the whole open pore space and 
that no substantial swelling due to water saturation occurs. Also the results from the 
ϕH2O, chips that were measured on a subsample are in good agreement to the plug 
measurements except for location 3, 9 and 12 where the chips show significantly higher 
porosities. One reason for this behavior could be sample heterogenities. In contrast, 
porosities derived from the N2 physisorption measurements always give the largest 
results. On average they are about 3 % absolute or about 3 times larger compared to the 
He-porosities.  
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Figure 4.9: Comparison between porosity results from various methods (water immersion, N2 
physisorption, MIP and BIB-SEM) and He-pycnometry. Black line indicates 1:1 relation.  
Bertier et al. (2016) and Busch et al. (2017) analysed porosities measured on Opalinus 
clay with various techniques including He-pycnometry and N2 physisorption. They 
found that N2-porosites correspond to 40 to 60 % of the values from He-pycnometry. 
The smaller values can be explained by a proportion of undetected porosity above the 
evaluated equivalent pore diameter of roughly 350 nm (corresponding to a relative 
pressure of 0.995). In contrast, the underlying mechanism for the comparatively large 
N2-porosities of the Newark shales are counterintuitive and explanations are 
speculative.  
For shales, MIP usually underestimates porosity as the detection limit of 3.8 nm does 
not allow the quantification of microporosity, which may significantly contribute to 
porosity. Similarly, BIB-SEM has a practical resolution that is usually > 50 nm and is 
therefore not able to detect the major proportion of pores in shale. This is also observed 
for the Newark samples where MIP porosities correspond to 56 to 68 % and BIB-SEM 
to 9 to 30 % of the He-porosities.  
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4.7.2 Low-pressure hysteresis (LPH) of N2 physisorption data 
LPH has been observed in many physisorption studies on mature black shales (Kuila & 
Prasad 2013, Mastalerz et al. 2013, Chen & Xiao 2014, Cao et al. 2015, Seeman et al. 
2017). Bertier et al. (2016) showed that these samples do not attain sorption equilibrium 
in a reasonable time during the measurement and that LPH is controlled by a slow 
diffusion process of N2 in shale at 77 K. For the Newark sample suite, the absolute 
amount of LPH shows an excellent linear correlation (R2=0.92) with TOC content 
(Figure 4.10). This suggests that the slow diffusion is solely controlled by the properties 
of the organic matter. Interpretation of N2 physisorption data that show LPH should be 
done with care as physisorption-based theories may become invalid due the previously 
described disequilibrium effects.  
 
Figure 4.10: Low-pressure hysteresis of N2 physisorption isotherms vs. total organic carbon content 
4.7.3 Geologic controls on gas storage properties 
Understanding the geological controls on pore characteristics and its interrelation to gas 
storage properties is of key interest in shale gas exploration and sweet spot 
identification. Therefore, in the following we will briefly characterise in the following 
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the controls on porosity characteristics and high-pressure methane sorption capacity of 
lacustrine Newark shale. 
4.7.3.1 Porosity characteristics  
In a recent study, Sinn (2016) analysed the three parallel sample plugs of location 3, 11 
and 13 of this study using BIB-SEM. He found that the feldspars and carbonates occur 
in microlaminae as clasts and form a grain supported matrix. Pores predominantly occur 
as interparticle pores between organic matter and clasts. Moreover, some larger pores 
are also situated at the rims within albite grains, as cluttered pores around carbonates 
and in clay platelets. Dissolution pores in feldspars and carbonates were also observed 
by Schieber (2010) and Loucks et al. (2012) on marine shales. They form by organic 
acidic fluids that are associated with hydrocarbon generation (80 – 120 °C) (Schieber 
2010). Intraparticle organic matter porosity was only present in location 3 within 
migrated bitumen between grains (Fig. 4.11). Organic particles, possibly primary 
vitrinite or inertinite that were present in the other samples from location 11 and 13 did 
not show any visible intraparticle porosity. 
 
Figure 4.11: BSE-micrograph of circular organo-porosity within migrabitumen of sample 3. Width 
of picture is 7 µm. and visible pores are up to 100 nm. 
Mineralogical controls on porosity were intensively studied on marine shales and in 
many mature and overmature systems, TOC and porosity are positively correlated 
(Passey et al. 2010) (e.g. Marcellus shale (Milliken et al. 2013), Haynesville shale 
(Saidian et al. 2014), Devonian Horn River shale (Chalmers et al. 2012b) and lower 
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Cambrian, lower Silurian and Permian shale in south China (Tian et al. 2013, 2015, Pan 
et al. 2015a). Similarly, lacustrine Newark shale shows a good positive correlation with 
TOC (R2 = 0.72) with a non-organic matter related porosity (y-intercept) of 0.9 % 
(Figure 4.12). All other mineralogical constituents are unrelated to porosity. Sinn (2016) 
used the mineral area extracted from seven EDX maps on three Newark samples and 
found a positive correlation between TOC and visible porosity, whereas there were no 
correlations between porosity and any other mineralogic constituent. This indicates that 
these interrelations persist at the mm-scale (laminae). 
 
Figure 4.12: Correlation of He-porosity with total organic carbon content. 
Based on simple thresholding, the visible porosity within migrabitumen of sample 3 is 6 
% in average, which accounts for roughly 30 % of the total visible porosity (Sinn 2016). 
Therefore, intraparticle organo-porosity alone cannot explain the observed TOC-
porosity relation and other parameters and processes have to be taken into account. It 
could be likely that organic-inorganic reactions by thermal breakdown products of 
organic matter resulted in local evolution of the inorganic pore system by feldspar and 
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carbonate dissolution which could significantly influence porosity in feldspathic shale 
(Baruch et al. 2015). Or, most porosity is related to organic-inergonic interparticle 
porosity. However, intraparticle organo-porosity seems to be reflected in the BJH pore 
size distributions (Figure 4.3), where sample 3 significantly deviates from the trend in 
the 3 to 30 nm range of all studied samples, which corresponds to the size of imaged 
intraparticle organo-porosity (Fig. 4.11). 
Microporosity and BET-specific surface area from low-pressure N2 and CO2 
physisorption measurements are neither correlated with TOC nor any other 
mineralogical constituent supporting the argument that the TOC control on porosity is 
not solely related to the organic matter hosted porosity itself, but to more complicated 
interrelations with the organic matter.  
4.7.3.2 Methane sorption capacity. 
The methane sorption capacity does not show any correlation with organic matter 
(Figure 4.13). Due to the high methane sorption capacity of organic matter, these 
relationships are regularly reported for individual formations with TOC contents 
exceeding 3 %. For example, Gasparik et al. (2014) found a linear relationship for 
Barnett, Alum and Posidonia shale, Ross & Bustin (2009) for Devonian – Missisipian in 
the Western Canadian basin, Tan et al. (2014) for lower Cambrian shale from the 
Yangtze Platform, Ji et al. (2014) for Triassic lacustrine shale from the Ordos Basin. 
The TOC content between 0.3 and 3.4 % of the Newark samples is comparatively low 
and a combination of other parameters affecting sorption capacity may become 
significant. For organic-lean shales with low sorption capacities contribution of clay 
minerals, that have sorption capacities approximately one order of magnitude lower than 
organic material, may become significant (Gasparik et al. 2012, Ji et al. 2012). 
However, also TOC-normalised sorption capacity does not show any correlation with 
clay content indicating that also other parameters, e.g. clay type, organic matter type, 
accessibility, maturity, specific surface area, microporosity may significantly 
influencing the methane sorption capacity (Ross & Bustin 2009, Ji et al. 2012, Zhang et 
al. 2012, Gasparik et al. 2014). For the Newark sample set, some of these parameters 
such as clay type, microporosity and specific surface area are very heterogeneous 
(compare Table 4.2 and Table 4.4) and not interrelated. In such a multi-parameter 
system, it is not possible anymore to relate one or a few of these parameters to a given 
property. 
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Figure 4.13: Max. CH4 excess sorption capacity as a function of total organic carbon content. 
4.7.4 Matrix gas transport properties 
4.7.4.1 Anisotropy of matrix permeability 
The directional permeability anisotropy defined as the ratio k∞,∥ / k∞,⊥ has been observed 
on mudrocks by various authors and may vary from 0.1 > 10,000 (Yang & Aplin 2007, 
Metwally & Sondergeld 2011, Chalmers et al. 2012b, Tinni et al. 2012, Ghanizadeh et 
al. 2014a, b, Bhandari et al. 2015, Gensterblum et al. 2015, Pan et al. 2015b).  
For locations 3, 11 and 13 permeability anisotropy at a given confining pressure was 
determined which is between 9 and 12, 5 and 7 and >70, respectively. Gensterblum et 
al. (2015) summarizes three main reasons for anisotropic permeability behaviour: (1) 
Orientation of pores that are attributed to mineralogy, especially clay particle alignment 
(Houben et al. 2013, Klaver et al. 2015a), (2) layering of high and low permeable layers 
(Yang & Aplin 2007) and (micro)fractures. Both features have been observed and 
assessed by Sinn (2016) on the parallel plugs. 
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0 1 2 3 4
M
ax
im
um
 C
H 4
so
rp
tio
n 
ca
pa
ci
ty
 [m
m
ol
 g
-1
]
Total organic carbon [%]
black facies
gray facies
red facies
Chapter 4: Pore structure, gas storage and matrix transport characteristics of lacustrine Newark shale 
   121 
4.7.4.2 Porosity-permeability relationship 
Due to the high degree of heterogeneity in shale (e.g. pore sizes, anisotropy, tortuosity), 
a fundamental porosity-permeability relationship is not attainable (Gensterblum et al. 
2015). However, poro-perm relationships of shales oriented either parallel or 
perpendicular to bedding from a single formation have been analysed in previous 
studies, of which some report fairly good log-linear poro-perm relationships (Yang & 
Aplin 2007, Clarkson et al. 2012b, Ghanizadeh et al. 2013, 2014a), whereas others 
found no relationships at all (Schlömer & Krooss 1997, Chalmers et al. 2012b).  
For the samples measured parallel to bedding, in this study, there is an excellent log-
linear relationship between porosity and Klinkenberg-corrected permeability 
coefficients (Figure 4.14). We note that this correlation should not be over-interpreted 
due to the small amount of measured samples. Poro-perm behaviour of samples 
measured perpendicular to bedding could not be analysed, as it was not possible to 
perform a Klinkenberg correction for some samples.  
 
Figure 4.14: He-Porosity - permeability relationship. Shown are the Klinkenberg-corrected (or 
apparent) permeability coefficients at 40 MPa confining pressure for sample plugs oriented parallel 
and perpendicular to bedding. 
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4.7.4.3 Gas slippage – permeability relationships (b – k relationships) 
As the decrease in average transport pore size tends to reduce permeability, gas slippage 
factors often show a negative correlation to Klinkenberg-corrected permeability, which 
is valid over a large range of permeability coefficients (e.g. Heid et al. 1950, Jones & 
Owens 1980, Civan 2009). For shales however, Klinkenberg-corrected permeability 
coefficients may vary by more than two orders of magnitude at a similar gas slippage 
factor (Letham & Bustin 2015, Fink et al. 2017a).  
Establishing a b – k relationship for the Newark sample set would lead to decreasing gas 
slippage factors with decreasing permeability coefficients (Figure 4.15) indicating that a 
decrease in average transport pore sizes would increase permeability coefficients, which 
is counterintuitive. The reason is the differences in the transport pore systems between 
the individual samples.  
 
Figure 4.15: He gas slippage vs. Klinkenerg-corrected permeability coefficients. Each sample 
follows an individual b – k relationship (with changing stress) whereas the permeability coefficients 
between the samples are highly variable at a constant slippage factor. 
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In contrast, if external stress is applied on an individual transport pore system it gets 
compressed which results in decreasing Klinkenberg-corrected permeability coefficients 
and increasing gas slippage factors that can be fitted by b – k relationships of the form 
(Figure 4.15): 
 𝑘! = 𝑎 ∙ 𝑏!          (4.8) 
Here, k∞ is the Klinkenberg-corrected permeability, b the gas slippage factor and a and c 
are fitting parameters. Note that the fitting parameters between the samples are highly 
variable with parameter a varying between 1.7 and 180 nD and parameter c varying 
between – 0.3 and -1.1. 
To reduce the large measuring effort for permeability measurements, b – k relationships 
are often used to calculate Klinkenberg-corrected permeability coefficient from a single 
apparent permeability coefficient (e.g. Bhandari et al. 2015). Due to the large variation 
in b – k relationships for shale, reported Klinkenberg-corrected permeability 
coefficients obtained by the application of these relationships are likely to be severely 
biased. 
4.7.5 Implications for unconventional shale gas 
The South Newark Basin has been quantitatively assessed by the U. S. Geological 
Survey (USGS) in 2011 for unconventional oil and gas resources (Milici et al. 2012) by 
using analogue data from producing marine systems. They estimate a mean of 880 
Billion ft3 (25 Billion m3) of gas. The data results presented here suggest that these 
numbers are overestimated as the Newark shale has lower porosities and sorption 
capacities in comparison to producing marine systems. 
Our mean porosity values of 2.3 % are assumed to be an optimistic value due to the 
overrepresentation of more porous organic-rich facies. In comparison, Jarvie (2012), 
reports significantly higher mean porosity values of gas producing marine shales with 
6.2 % for the Marcellus, 8.3 % for the Haynesville and 5 % for the Barnett.  
Similarly, the Langmuir sorption capacity with a mean of 0.062 mmol g-1 is lower 
compared to experimental data from overmature (VRr > 1.3 %) marine shales (Figure 
4.16). Merkel et al. (2015) reported Langmuir sorption capacities from a gas producing 
Haynesville and Bossier shale sample at the same experimental conditions to be 0.3 
mmol g-1 and 0.22 mmol g-1, respectively and Gasparik et al. (2014) 0.136 mmol g -1 for 
Barnett shale. Moreover, Longmaxi shales show a good positive correlation of 
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Langmuir sorption capacity with TOC and have significantly higher Langmuir sorption 
capacities with an average of 0.177 mmol g-1 when compared to lacustrine Newark 
shales under similar experimental conditions (Yang et al. 2015). One main reason for 
the low average sorption capacities of lacustrine Newark shale is the low TOC of the 
sample suite. However, even at similar TOC contents between 2 and 4 %, overmature 
marine shales may show several times higher sorption capacities indicating that gas 
storage properties of lacustrine shale are less favourable (Figure 4.16). 
 
Figure 4.16: Comparison of Langmuir sorption capacity of lacustrine Newark shales with 
overmature (VRr > 1.3 %) marine shales. All the data were generated on the same set-ups in dry 
condition (except Tan et al. 2014 in “as received” condition) to have good comparability (Gasparik 
et al. 2014b). 
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4.8 Conclusions 
• Gas storage properties of the Newark shales are less favourable for shale gas 
development compared to marine shale systems in the U.S.. 
• Porosity of overmature Newark shale is controlled by the total organic carbon 
content.  
• Lacustrine Newark shale are overmature with a Na-rich, heterogeneous 
mineralogy and total organic carbon contents up to 3.6 %. The major 
mineralogical constituents are albite, TOT clays and dolomite/ankerite. 
• Due to the heterogeneous nature of the lacustrine sample suite, no simple 
relationships between mineralogy, specific surface area, microporosity and high-
pressure methane sorption capacity was identified. 
• Newark shales have highly anisotropic and low matrix permeabilities (sub nD – 
80 nD) that are positively correlated with TOC and porosity. 
• Simple gas slippage – permeability (b – k) relationships should not be used for 
evaluating apparent gas permeability data of shale. 
• Porosity values for shale depend on the applied measuring technique. For 
Newark shale we found that the water saturation and immersion technique and 
He-pycnometry give comparable results whereas N2 physisorption, MIP and 
BIB-SEM porosities significantly deviate. 
• In this study, low-pressure hysteresis of N2 physisorption data is controlled by 
slow diffusion of the gas into the organic matter. 
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5 CONCLUDING REMARKS AND 
OUTLOOK 
In this thesis, an extensive data set on single-phase gas permeability data on Bossier-
Haynesville and Newark shale at various pore and confining pressure conditions has 
been documented and discussed in relation to an extensive set of supplementary data. In 
addition to the conclusions made at the end of Chapter 2, 3 and 4, some other 
concluding remarks and important observations are given followed by suggestions for 
future research. 
5.1 Outlook 
5.1.1 Using the stressed porosity set-up for sorption capacity and 
permeability measurements 
Measurements of gas sorption on sample plugs under stressed conditions has received 
only very little attention. For assessing the applicability of laboratory data on cuttings to 
reservoir conditions, such information is crucial. Pone et al. (2009), for example, 
observed that application of 14 MPa confining stress reduced the sorption capacity of 
methane on coal by up to 91 %. After Liu et al. (2016), this large reduction is probably 
solely due to reduction of the volume of coal that was accessible to methane when 
permeability decreased with increasing confining pressure. In contrast, Liu et al. (2016) 
performed stressed sorption capacity measurements on coal taking into account the 
poro-elastic compression of the void volume by measuring stressed porosity with 
helium at the same pressure conditions. They found only a 6 % reduction of methane 
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sorption capacity with a 33 MPa effective stress increase. These kinds of measurements 
would also be extremely valuable for shale and are very likely to be more challenging 
compared to coals due to the shale’s lower sorption capacity (roughly one order of 
magnitude).  
It is important to note that the stressed porosity set-up in contrast to a volumetric 
sorption set-up is able to directly measure the total gas storage capacity. The reason is 
that the calibrated void volume in the stressed porosity set-up is increased by 
installation of the sample. Therefore, the samples pore volume (in case of helium) or the 
total gas storage capacity (in case of sorbing gases) is directly measured. In contrast, in 
a volumetric sorption set-up, the void volume is decreased by sample installation and 
the grain volume (in case of helium) is measured. 
Another important aspect is, that the gas uptake kinetics from stressed porosity 
measurements holds information on gas transport properties (Figure 5.1). This would 
enable a simultaneous measurement of permeability and porosity saving valuable 
experimental time. Yang et al. (2015b) proposed this method and built a mathematical 
model with a general solution considering gas diffusion from the gas chamber into the 
core. The model is a modification of the model proposed by Cui et al. (2009) and uses 
diffusion into a plane sheet instead of spheres. It can be easily applied to the data as all 
the parameters needed are also necessary for evaluating the stressed porosity 
measurements. 
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Figure 5.1: Fractional uptake of the second helium expansion from the stressed pore volume 
measurements on Bossier samples (Chapter 3) at 30 MPa confining pressure. Note that the 
fractional uptake strongly depends on the sample length (Sample 2 dry is much shorter compared 
to the others) and moisture condition (as received sample). 
Whether the uptake data yields permeabilities comparable to other methods such as 
steady-state or non-steady state pulse decay is to be tested. Unfortunately, the focus 
during this study was on the stressed porosity measurements and at the time when the 
experiments were executed, the mathematical model by Yang et al. (2015b) was not 
published. Therefore, the simultaneous steady-state permeability and porosity 
measurements were only performed on the exact same sample plug under the same 
conditions for sample 1. The results show that the apparent helium permeabilities 
measured with the steady-state technique give high-quality results (perfect Klinkenberg 
behaviour) whereas the data based on the uptake kinetics have a larger scatter and yield 
50 – 70 % lower permeabilities (Figure 5.2). One reason could be the poor data quality 
as the gas uptake of sample 1 was extremely rapid (permeabililties in the µD range). 
Therefore, applicability of this method may be thoroughly tested in a follow-up study 
on samples with permeabilities in the 1 – 1000 nD range. 
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Figure 5.2: Comparison of apparent permeabilities derived from the steady-state technique and the 
uptake kinetics from stressed-porosity measurements following Yang et al. (2015b). The data was 
measured shortly after another without changing the stress conditions of the Bossier sample 1.  
5.1.2 Combining strain with gas permeability measurements 
Permeability and strain measurements can be combined by gluing several strain gauges 
on the sample surface. With these strain gauges the longitudinal and transverse strain 
can be measured with a strain meter with very high accuracy during the permeability 
experiments.  
These independent strain measurements have some large advantages in the 
interpretation and separation of multiple effects that may occur during gas permeability 
measurements. These include: 
• Independent detection of poro-elastic effects (changes in pore and confining 
pressure); 
• Identification of sample swelling, see for example Yuan et al. (2017) on 
Callovo-Oxfordian argillite; 
• Better interpretation of gas dependent permeability behaviour. 
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Another aspect is that in Biot’s poro-elastic theory the Biot coefficient describes the 
partial effects of pore and confining pressure on the effective stress law of strain. 
Similarly, in Chapter 3 it was found that the permeability effective pressure coefficients 
for gas shales are < 1 indicating that confining pressure changes have a larger impact on 
slip flow corrected permeability when compared to pore pressure changes. Both 
parameters, the Biot coefficient and the effective pressure coefficient for permeability 
similarly describe effects of pore structure deformation on a physical quantity. How 
both effects are linked (e.g. Biot coefficient = permeability effective pressure 
coefficient) or if they are independent from each other has not been studied, yet. 
5.1.3 Imaging stress effects in shale 
The indirect results of combined porosity and permeability measurements (chapter 2) 
show that gas shales are characterized by high stress-sensitivity of permeability and low 
stress-sensitivity of porosity. This is interpreted as an effect of micro-crack closure, 
which has a strong effect on permeability. Wang et al. (2017) found a similar effect on 
Ordovician tight sandstones from Algeria and also noted that these observations have 
strong implications on poro-perm models of tight formations and interpretation of 
experimental data. The reason is that most models implicitly require all types of pore to 
have a similar influence on gas flow, although large proportions of the pore system may 
not be effective transport pathways. 
Imaging these effects with high magnification BIB-SEM to visualize which 
pores/fractures are closed with stress would greatly improve our understanding of 
stress-dependent permeability behaviour and interpretation of “unstressed” pore 
structure data (e.g. BIB-SEM). It could be achieved by introducing a liquid into the pore 
space of the stressed sample which then solidifies at stressed conditions preserving the 
“stressed” pore structure characteristics. Due to the nm-sized pore system this may be 
difficult to achieve as the stress state of the sample should not significantly change 
during intrusion of the liquid. Therefore, methods such as wood’s metal injection, where 
large pressure (up to 30 MPa) are produced are not suitable (Klaver et al. 2016). The 
properties of the liquid would at best be as follows: 
• Phase change from liquid to solid between 30 and 70 °C; 
• Low contact angle, spontaneous imbibition to have low fluid pressures during 
intrusion; 
• Non-volatile, non-hazardeous; 
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• Small relative expansion/shrinkage during phase change; 
• Large optical contrast in BIB-SEM to pores and matrix. 
5.1.4 Gas permeability at different moisture contents/water saturation 
In this thesis, all plug permeability measurements were conducted under dry conditions 
and the impact of water has only been addressed on cuttings in chapter 2. The results 
showed that gas permeability decreased by several orders of magnitude with increasing 
water content. 
Shale gas reservoirs at in situ conditions naturally contain water with varying 
saturations (Jarvie et al. 2007). Moreover, significant amounts of water may imbibe into 
the shale matrix during reservoir stimulation. This is why in many instances preserved 
cores in commercial laboratories are measured at as received conditions which is 
thought to better represent the in situ moisture conditions compared to dry samples. 
However, core drilling, plug drilling and handling the sample material may significantly 
affect the moisture state, which makes comparison between samples difficult (Ewy 
2015). 
To address these issues, a more fundamental understanding of water on gas permeability 
of gas shales is needed. In particular, how does water affect the permeability-stress 
relationships, gas slippage behaviour and most importantly the relative permeability to 
gas. These kinds of experiments remain an experimental challenge for shales in terms of 
methodology and interpretation for the following reasons: 
• It is not possible to measure the water content during permeability experiments. 
Therefore, to change and measure the water content the sample plug needs to be 
de-installed and unstressed. This results in very long measuring times and it 
complicates the comparability between the measurements. 
• The moisture content may change during the measurement by drying or 
drainage. 
• Besides superposed stress and slip flow effects, water content is introduced 
severely complicating the separation of the individual effects. 
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Appendix A: Apparent gas permeability data (chapter 2) 
Table A 1: Apparent helium permeability data of Bossier Shale sample 1. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   30.06 0.259 38.07 20.15 0.252 47.25 10.19 0.259 93.84 
   30.06 0.259 37.62 20.15 0.252 47.04 10.19 0.259 93.33 
   30.06 0.259 37.53 20.15 0.252 48.00 10.19 0.259 93.57 
   30.06 0.305 37.40 20.14 0.302 45.42 10.19 0.307 92.95 
   30.06 0.305 37.71 20.14 0.302 45.61 10.19 0.307 93.26 
   30.06 0.305 37.74 20.14 0.302 45.81 10.19 0.306 93.07 
   30.06 0.405 33.88 20.14 0.402 42.51 10.19 0.405 88.00 
   30.06 0.405 33.82 20.14 0.401 42.70 10.19 0.404 88.22 
   30.06 0.405 33.85 20.14 0.401 42.66 10.18 0.404 88.14 
   30.06 0.555 32.11 20.14 0.554 39.44 10.18 0.561 82.72 
   30.06 0.555 32.08 20.14 0.554 39.26 10.18 0.561 83.30 
   30.06 0.555 32.14 20.14 0.554 39.37 10.18 0.561 82.79 
   30.06 0.708 30.25 20.14 0.744 37.34 10.18 0.709 78.97 
   30.06 0.708 30.32 20.14 0.743 37.13 10.18 0.709 79.44 
   30.06 0.708 30.13 20.14 0.743 37.15 10.18 0.709 79.29 
   30.07 0.910 28.70 20.14 0.996 35.52 10.18 0.909 77.13 
   30.07 0.910 28.72 20.14 0.996 35.12 10.18 0.909 77.03 
   30.07 0.910 28.67 20.14 0.996 35.41 10.18 0.909 77.24 
   30.07 1.214 26.80 20.14 1.270 34.23 10.18 1.209 75.79 
   30.07 1.211 26.97 20.14 1.270 34.21 10.18 1.208 75.95 
   30.07 1.211 26.77 20.14 1.269 34.15 10.18 1.208 76.09 
   30.07 1.558 25.69 20.14 1.593 33.01 10.18 1.565 77.59 
   30.07 1.558 25.71 20.14 1.592 32.99 10.18 1.565 77.72 
   30.07 1.558 25.72 20.14 1.592 33.10 10.18 1.565 77.69 
 
Appendix A: Apparent gas permeability data (chapter 3) 
   151 
Table A 2: Apparent argon permeability data of Bossier Shale sample 1. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   30.05 0.258 32.25 20.14 0.256 42.47 10.19 0.239 86.58 
   30.05 0.258 32.21 20.14 0.256 41.73 10.19 0.239 86.20 
   30.05 0.258 32.02 20.14 0.256 41.87 10.19 0.239 86.25 
   30.05 0.306 27.53 20.14 0.308 39.39 10.19 0.342 78.07 
   30.05 0.306 27.89 20.14 0.308 39.87 10.19 0.342 78.08 
   30.05 0.306 28.03 20.14 0.309 39.58 10.19 0.341 78.13 
   30.05 0.405 27.77 20.15 0.407 35.22 10.19 0.448 74.49 
   30.05 0.405 28.12 20.15 0.407 35.42 10.19 0.448 74.87 
   30.05 0.405 27.59 20.15 0.407 35.19 10.19 0.448 74.87 
   30.06 0.555 25.54 20.15 0.558 32.80 10.19 0.597 71.78 
   30.06 0.555 25.50 20.15 0.558 32.73 10.19 0.596 71.79 
   30.06 0.555 25.47 20.15 0.558 32.58 10.19 0.596 72.03 
   30.05 0.710 24.19 20.15 0.706 30.76 10.19 0.751 70.39 
   30.05 0.710 24.23 20.15 0.706 30.59 10.19 0.751 70.53 
   30.05 0.710 24.22 20.15 0.706 30.98 10.19 0.751 70.42 
   30.06 0.910 23.22 20.15 0.911 29.82 10.19 0.938 68.79 
   30.06 0.910 23.45 20.15 0.911 29.67 10.19 0.938 68.87 
   30.06 0.910 23.40 20.15 0.911 29.63 10.19 0.937 68.87 
   30.05 1.209 22.27 20.15 1.209 28.62 10.19 1.198 67.61 
   30.05 1.209 22.27 20.15 1.209 28.87 10.19 1.198 67.66 
   30.05 1.209 22.32 20.15 1.209 28.52 10.19 1.198 67.80 
   30.05 1.661 21.20 20.15 1.561 27.44 10.19 1.550 67.11 
   30.05 1.660 21.13 20.15 1.561 27.44 10.19 1.550 67.04 
   30.05 1.660 21.09 20.14 1.561 27.45 10.19 1.550 67.40 
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Table A 3: Apparent argon permeability data of Bossier Shale sample 1. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   30.05 0.258 32.25 20.14 0.256 42.47 10.19 0.239 86.58 
   30.05 0.258 32.21 20.14 0.256 41.73 10.19 0.239 86.20 
   30.05 0.258 32.02 20.14 0.256 41.87 10.19 0.239 86.25 
   30.05 0.306 27.53 20.14 0.308 39.39 10.19 0.342 78.07 
   30.05 0.306 27.89 20.14 0.308 39.87 10.19 0.342 78.08 
   30.05 0.306 28.03 20.14 0.309 39.58 10.19 0.341 78.13 
   30.05 0.405 27.77 20.15 0.407 35.22 10.19 0.448 74.49 
   30.05 0.405 28.12 20.15 0.407 35.42 10.19 0.448 74.87 
   30.05 0.405 27.59 20.15 0.407 35.19 10.19 0.448 74.87 
   30.06 0.555 25.54 20.15 0.558 32.80 10.19 0.597 71.78 
   30.06 0.555 25.50 20.15 0.558 32.73 10.19 0.596 71.79 
   30.06 0.555 25.47 20.15 0.558 32.58 10.19 0.596 72.03 
   30.05 0.710 24.19 20.15 0.706 30.76 10.19 0.751 70.39 
   30.05 0.710 24.23 20.15 0.706 30.59 10.19 0.751 70.53 
   30.05 0.710 24.22 20.15 0.706 30.98 10.19 0.751 70.42 
   30.06 0.910 23.22 20.15 0.911 29.82 10.19 0.938 68.79 
   30.06 0.910 23.45 20.15 0.911 29.67 10.19 0.938 68.87 
   30.06 0.910 23.40 20.15 0.911 29.63 10.19 0.937 68.87 
   30.05 1.209 22.27 20.15 1.209 28.62 10.19 1.198 67.61 
   30.05 1.209 22.27 20.15 1.209 28.87 10.19 1.198 67.66 
   30.05 1.209 22.32 20.15 1.209 28.52 10.19 1.198 67.80 
   30.05 1.661 21.20 20.15 1.561 27.44 10.19 1.550 67.11 
   30.05 1.660 21.13 20.15 1.561 27.44 10.19 1.550 67.04 
   30.05 1.660 21.09 20.14 1.561 27.45 10.19 1.550 67.40 
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Table A 4: Apparent nitrogen permeability data of Bossier Shale sample 1. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   30.05 0.259 30.67 20.15 0.260 37.88 10.19 0.246 87.36 
   30.05 0.259 30.84 20.15 0.260 38.42 10.19 0.247 86.78 
   30.05 0.259 30.78 20.15 0.260 38.32 10.19 0.247 88.00 
   30.05 0.309 28.65 20.15 0.312 35.38 10.19 0.298 83.00 
   30.05 0.309 28.96 20.15 0.312 35.44 10.19 0.299 83.41 
   30.05 0.309 28.74 20.15 0.312 35.56 10.19 0.299 83.87 
   30.05 0.409 26.62 20.15 0.411 32.41 10.19 0.400 79.36 
   30.05 0.410 26.68 20.15 0.411 32.54 10.19 0.400 79.39 
   30.05 0.409 27.05 20.15 0.411 32.40 10.19 0.400 79.39 
   30.05 0.559 24.60 20.15 0.556 30.90 10.19 0.554 75.81 
   30.05 0.559 24.62 20.15 0.556 30.93 10.19 0.555 76.10 
   30.05 0.559 24.62 20.15 0.556 30.93 10.19 0.555 75.92 
   30.05 0.706 23.66 20.15 0.710 29.76 10.19 0.749 74.05 
   30.05 0.706 23.73 20.15 0.710 29.76 10.19 0.749 74.06 
   30.05 0.706 23.72 20.15 0.710 29.73 10.19 0.749 74.11 
   30.05 0.910 22.70 20.15 0.908 28.60 10.19 1.001 73.69 
   30.05 0.910 22.78 20.15 0.908 28.53 10.19 1.001 73.01 
   30.05 0.910 22.77 20.15 0.908 28.66 10.19 1.001 73.04 
   30.05 1.212 21.34 20.16 1.211 27.80 10.19 1.257 71.80 
   30.05 1.212 21.51 20.16 1.211 27.85 10.19 1.257 71.60 
   30.05 1.212 21.40 20.16 1.211 27.85 10.19 1.257 71.44 
   30.05 1.516 20.83 20.16 1.560 26.28 10.19 1.579 70.63 
   30.05 1.559 20.87 20.16 1.560 26.24 10.19 1.579 70.65 
   30.05 1.559 20.85 20.16 1.560 26.32 10.19 1.579 70.54 
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Table A 5: Apparent methane permeability data of Bossier Shale sample 1. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   30.05 0.257 27.69 20.16 0.257 34.84 10.19 0.249 84.23 
   30.05 0.257 27.81 20.16 0.257 34.74 10.19 0.249 83.69 
   30.05 0.257 27.63 20.16 0.257 34.83 10.19 0.249 83.99 
   30.05 0.307 25.71 20.16 0.314 32.16 10.19 0.302 81.89 
   30.05 0.307 25.27 20.16 0.314 32.50 10.19 0.302 82.13 
   30.05 0.307 25.56 20.16 0.314 32.40 10.19 0.302 82.10 
   30.05 0.407 24.38 20.16 0.409 31.02 10.19 0.399 78.73 
   30.05 0.407 24.40 20.16 0.409 30.89 10.19 0.399 78.82 
   30.05 0.407 24.33 20.16 0.409 31.02 10.19 0.399 78.82 
   30.05 0.558 23.52 20.16 0.561 29.63 10.19 0.555 76.21 
   30.05 0.558 23.62 20.16 0.561 29.90 10.19 0.554 76.42 
   30.05 0.556 23.71 20.16 0.561 29.75 10.19 0.554 76.00 
   30.05 0.714 22.43 20.16 0.713 28.66 10.19 0.748 73.58 
   30.05 0.714 22.66 20.16 0.713 28.66 10.19 0.748 73.62 
   30.05 0.714 22.63 20.16 0.713 28.71 10.19 0.748 73.68 
   30.05 0.913 22.01 20.16 0.913 27.30 10.19 1.004 71.48 
   30.05 0.912 21.89 20.16 0.913 27.27 10.19 1.005 71.19 
   30.05 0.913 21.94 20.16 0.913 27.26 10.19 1.005 71.07 
   30.05 1.211 20.97 20.16 1.210 26.68 10.19 1.276 69.59 
   30.05 1.211 20.97 20.16 1.209 26.81 10.19 1.276 69.27 
   30.05 1.210 20.90 20.16 1.210 26.77 10.19 1.276 69.60 
   30.05 1.564 20.31 20.16 1.563 26.39 10.19 1.557 68.20 
   30.05 1.563 20.32 20.16 1.563 26.37 10.19 1.557 68.52 
   30.05 1.564 20.40 20.16 1.563 26.35 10.19 1.557 68.40 
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Table A 6: Apparent helium permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
40.02 0.248 2.833 29.54 0.249 6.318 20.23 0.260 9.239 9.39 0.251 13.569 
40.02 0.251 2.886 29.53 0.251 6.310 20.24 0.261 8.610 9.39 0.249 13.771 
40.02 0.253 2.869 29.53 0.252 6.330 20.23 0.261 8.807 9.39 0.249 13.804 
40.02 0.411 2.754 29.53 0.404 4.846 20.23 0.403 6.721 9.40 0.400 10.235 
40.02 0.411 2.777 29.53 0.404 4.914 20.23 0.403 6.959 9.40 0.399 10.354 
40.02 0.412 2.786 29.53 0.404 4.870 20.23 0.403 6.910 9.40 0.397 10.309 
40.03 0.549 2.242 29.53 0.545 3.973 20.23 0.550 5.737 9.41 0.548 8.639 
40.03 0.550 2.286 29.53 0.545 3.992 20.23 0.550 5.783 9.40 0.548 8.630 
40.03 0.550 2.285 29.53 0.545 4.012 20.22 0.550 5.715 9.41 0.546 8.718 
40.02 0.697 1.966 29.52 0.695 3.368 20.23 0.700 5.047 9.40 0.702 7.676 
40.02 0.697 1.929 29.52 0.695 3.393 20.23 0.700 4.991 9.39 0.701 7.692 
40.02 0.697 1.946 29.52 0.695 3.399 20.23 0.700 5.055 9.40 0.701 7.714 
40.02 0.840 1.732 29.52 0.861 2.998 20.23 0.848 4.508 9.39 0.853 6.987 
40.02 0.840 1.748 29.52 0.861 2.981 20.23 0.847 4.558 9.39 0.853 7.055 
40.02 0.840 1.746 29.52 0.861 2.998 20.23 0.847 4.534 9.39 0.853 7.002 
40.02 1.064 1.489 29.51 1.049 2.685 20.24 1.051 4.078 9.40 1.050 6.523 
40.02 1.064 1.495 29.51 1.048 2.686 20.24 1.051 4.094 9.40 1.050 6.561 
40.02 1.064 1.504 29.51 1.048 2.698 20.23 1.050 4.115 9.40 1.049 6.536 
40.01 1.242 1.362 29.5 1.247 2.477 20.24 1.250 3.794 9.43 1.252 6.135 
40.01 1.242 1.359 29.5 1.247 2.472 20.24 1.250 3.774 9.43 1.252 6.166 
40.01 1.242 1.366 29.5 1.247 2.471 20.24 1.250 3.794 9.42 1.252 6.166 
40.01 1.643 1.160 29.52 1.642 2.169 20.25 1.646 3.418 9.41 1.456 5.830 
40.01 1.643 1.166 29.52 1.642 2.173 20.25 1.646 3.430 9.41 1.456 5.868 
40.01 1.643 1.160 29.52 1.642 2.153 20.25 1.646 3.433 9.41 1.456 5.873 
40.01 2.044 1.045 29.54 2.044 1.985 20.26 2.055 3.182 9.40 1.655 5.659 
40.01 2.044 1.047 29.54 2.044 1.992 20.26 2.055 3.211 9.40 1.655 5.652 
40.01 2.044 1.051 29.54 2.044 2.005 20.26 2.055 3.192 9.40 1.655 5.699 
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Table A 7: Apparent argon permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   29.54 0.248 4.412 20.20 0.254 5.637 9.34 0.245 8.339 
   29.54 0.244 4.159 20.20 0.254 5.553 9.34 0.243 8.462 
   29.53 0.245 3.943 20.20 0.252 5.544 9.34 0.243 8.473 
39.98 0.398 1.306 29.54 0.401 2.628 20.20 0.398 4.164 9.35 0.406 6.403 
39.98 0.401 1.450 29.54 0.402 2.720 20.20 0.398 4.136 9.34 0.405 6.511 
39.98 0.401 1.486 29.54 0.402 2.804 20.20 0.398 4.120 9.34 0.405 6.460 
39.98 0.543 1.186 29.54 0.546 2.359 20.21 0.549 3.438 9.34 0.552 5.677 
39.98 0.545 1.258 29.54 0.546 2.370 20.20 0.549 3.473 9.34 0.551 5.663 
39.98 0.545 1.270 29.54 0.547 2.354 20.21 0.549 3.504 9.34 0.549 5.717 
39.97 0.696 1.073 29.54 0.708 1.984 20.20 0.696 3.090 9.35 0.705 5.027 
39.98 0.696 1.138 29.54 0.710 2.028 20.20 0.697 3.135 9.35 0.705 5.128 
39.97 0.696 1.158 29.54 0.710 2.035 20.21 0.697 3.152 9.35 0.705 5.106 
39.97 0.855 1.040 29.54 0.849 1.899 20.20 0.845 2.921 9.38 0.851 4.818 
39.97 0.855 1.034 29.54 0.849 1.902 20.21 0.845 2.964 9.37 0.852 4.825 
39.97 0.855 1.038 29.54 0.849 1.893 20.21 0.845 2.957 9.37 0.852 4.800 
39.98 1.046 0.912 29.54 1.049 1.716 20.20 1.049 2.763 9.38 1.052 4.450 
39.98 1.046 0.915 29.54 1.049 1.733 20.20 1.049 2.757 9.38 1.052 4.503 
39.98 1.046 0.916 29.54 1.049 1.738 20.20 1.049 2.747 9.37 1.052 4.522 
39.97 1.252 0.839 29.54 1.249 1.583 20.21 1.261 2.594 9.39 1.253 4.265 
39.97 1.252 0.843 29.54 1.248 1.611 20.22 1.262 2.600 9.39 1.253 4.287 
39.97 1.252 0.843 29.54 1.249 1.613 20.22 1.261 2.576 9.38 1.253 4.279 
39.98 1.647 0.755 29.54 1.646 1.471 20.25 1.650 2.430 9.38 1.455 4.206 
39.98 1.647 0.758 29.54 1.646 1.484 20.25 1.650 2.411 9.38 1.455 4.199 
39.98 1.647 0.761 29.54 1.646 1.492 20.25 1.650 2.422 9.38 1.455 4.185 
39.97 2.053 0.697 29.53 2.048 1.392 20.29 2.057 2.311 9.39 1.653 4.091 
39.97 2.053 0.698 29.53 2.048 1.403 20.29 2.057 2.326 9.39 1.653 4.100 
39.97 2.053 0.699 29.53 2.048 1.413 20.29 2.057 2.333 9.39 1.653 4.100 
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Table A 8: Apparent nitrogen permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   29.53 0.256 4.191 20.20 0.248 5.379 9.34 0.249 7.913 
   29.52 0.251 4.021 20.21 0.248 5.379 9.33 0.249 7.964 
   29.52 0.245 3.881 20.21 0.247 5.388 9.33 0.249 7.989 
39.98 0.403 1.459 29.52 0.399 2.551 20.20 0.405 3.865 9.34 0.401 6.173 
39.98 0.403 1.505 29.52 0.398 2.657 20.20 0.400 3.990 9.33 0.401 6.225 
39.98 0.402 1.538 29.52 0.397 2.618 20.20 0.399 4.041 9.34 0.400 6.309 
39.98 0.548 1.259 29.53 0.552 2.108 20.21 0.547 3.337 9.34 0.548 5.457 
39.98 0.547 1.310 29.53 0.552 2.158 20.21 0.547 3.399 9.33 0.548 5.502 
39.98 0.547 1.313 29.53 0.551 2.195 20.20 0.547 3.444 9.34 0.548 5.501 
39.98 0.697 1.086 29.53 0.705 1.896 20.21 0.705 3.039 9.34 0.695 5.037 
39.98 0.697 1.091 29.53 0.705 1.965 20.20 0.705 3.047 9.33 0.695 4.973 
39.98 0.697 1.096 29.52 0.705 1.928 20.20 0.704 3.108 9.34 0.695 5.010 
39.97 0.853 0.937 29.53 0.852 1.796 20.23 0.845 2.837 9.33 0.848 4.682 
39.97 0.853 0.937 29.53 0.852 1.819 20.23 0.845 2.872 9.33 0.848 4.680 
39.97 0.853 0.943 29.53 0.852 1.839 20.23 0.845 2.895 9.33 0.848 4.690 
39.97 1.048 0.885 29.54 1.059 1.677 20.26 1.050 2.665 9.33 1.047 4.393 
39.97 1.048 0.885 29.54 1.059 1.685 20.27 1.049 2.671 9.33 1.047 4.407 
39.97 1.048 0.878 29.54 1.059 1.686 20.28 1.049 2.690 9.33 1.047 4.383 
39.97 1.242 0.826 29.55 1.257 1.537 20.31 1.247 2.555 9.34 1.255 4.214 
39.97 1.242 0.829 29.55 1.257 1.554 20.32 1.247 2.560 9.34 1.255 4.207 
39.97 1.242 0.820 29.55 1.257 1.568 20.32 1.247 2.569 9.34 1.255 4.214 
39.97 1.648 0.733 29.60 1.646 1.447 20.36 1.649 2.370 9.36 1.447 4.053 
39.97 1.648 0.735 29.60 1.646 1.444 20.36 1.649 2.383 9.36 1.447 4.059 
39.97 1.648 0.733 29.60 1.646 1.448 20.36 1.648 2.373 9.36 1.447 4.068 
39.97 2.052 0.674 29.74 2.040 1.362 20.39 2.065 2.253 9.37 1.647 3.946 
39.97 2.052 0.673 29.74 2.040 1.353 20.39 2.065 2.251 9.37 1.647 3.960 
39.97 2.052 0.677 29.74 2.040 1.354 20.38 2.064 2.243 9.37 1.647 3.939 
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Table A 9: Apparent methane permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
39.97 0.255 1.924 29.50 0.245 3.630 20.20 0.254 5.070 9.33 0.251 7.706 
39.97 0.254 1.918 29.50 0.245 3.621 20.20 0.251 5.180 9.33 0.252 7.661 
39.97 0.254 1.910 29.50 0.245 3.591 20.20 0.246 5.200 9.33 0.251 7.646 
39.97 0.401 1.394 29.56 0.397 2.548 20.21 0.405 3.754 9.34 0.385 6.458 
39.97 0.401 1.411 29.56 0.397 2.556 20.20 0.399 3.924 9.34 0.385 6.392 
39.97 0.401 1.436 29.56 0.397 2.601 20.20 0.400 3.893 9.34 0.385 6.366 
39.96 0.551 1.146 29.55 0.550 2.193 20.20 0.551 3.182 9.33 0.549 5.328 
39.96 0.551 1.142 29.55 0.549 2.225 20.20 0.551 3.298 9.33 0.549 5.301 
39.96 0.551 1.140 29.55 0.549 2.216 20.20 0.547 3.401 9.33 0.549 5.277 
39.96 0.705 1.047 29.55 0.705 1.943 20.20 0.705 3.012 9.39 0.698 4.854 
39.96 0.705 1.042 29.55 0.704 1.944 20.20 0.704 3.042 9.39 0.698 4.854 
39.96 0.705 1.050 29.55 0.704 1.940 20.20 0.705 3.069 9.39 0.698 4.876 
39.97 0.852 0.928 29.54 0.847 1.775 20.20 0.848 2.859 9.39 0.850 4.429 
39.97 0.852 0.914 29.54 0.847 1.782 20.20 0.848 2.882 9.39 0.850 4.488 
39.97 0.852 0.914 29.54 0.847 1.795 20.20 0.848 2.867 9.39 0.850 4.462 
39.96 1.057 0.861 29.54 1.053 1.623 20.20 1.051 2.604 9.40 1.045 4.331 
39.96 1.057 0.868 29.54 1.053 1.627 20.20 1.051 2.621 9.40 1.045 4.323 
39.96 1.057 0.870 29.54 1.053 1.657 20.20 1.053 2.627 9.40 1.045 4.292 
39.96 1.247 0.816 29.55 1.261 1.551 20.21 1.245 2.557 9.42 1.250 4.166 
39.96 1.247 0.818 29.55 1.261 1.552 20.20 1.244 2.559 9.42 1.250 4.152 
39.96 1.247 0.814 29.55 1.261 1.548 20.19 1.243 2.552 9.42 1.250 4.132 
39.97 1.659 0.717 29.58 1.660 1.416 20.24 1.661 2.302 9.42 1.457 3.952 
39.97 1.659 0.723 29.58 1.660 1.420 20.24 1.661 2.321 9.42 1.457 3.952 
39.97 1.659 0.726 29.58 1.659 1.436 20.24 1.661 2.333 9.42 1.457 3.964 
   29.62 2.046 1.325 20.28 2.045 2.235 9.44 1.653 3.916 
   29.62 2.046 1.333 20.28 2.045 2.243 9.44 1.653 3.900 
   29.62 2.045 1.337 20.28 2.045 2.268 9.44 1.653 3.916 
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Table A 10: Apparent ethane permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   29.48 0.245 3.752 20.16 0.251 4.850    
   29.47 0.244 3.659 20.17 0.248 4.961    
   29.48 0.243 3.547 20.16 0.245 5.022    
39.93 0.397 1.206 29.51 0.403 1.723 20.19 0.402 2.972    
39.93 0.397 1.198 29.51 0.397 1.830 20.19 0.402 2.966    
39.93 0.397 1.191 29.51 0.402 1.896 20.19 0.402 3.100    
39.94 0.555 0.913 29.55 0.553 1.482 20.21 0.556 2.118    
39.94 0.555 0.919 29.55 0.553 1.492 20.21 0.543 2.118    
39.94 0.555 0.912 29.55 0.553 1.560 20.21 0.550 2.101    
39.93 0.701 0.810 29.59 0.704 1.693 20.23 0.714 2.562    
39.93 0.701 0.808 29.59 0.704 1.681 20.23 0.714 2.726    
39.93 0.701 0.810 29.59 0.704 1.639 20.23 0.714 2.741    
39.94 0.849 0.768 29.61 0.848 1.382 20.23 0.846 2.329    
39.94 0.849 0.770 29.61 0.848 1.427 20.23 0.846 2.376    
39.94 0.849 0.776 29.61 0.848 1.441 20.23 0.846 2.329    
39.96 1.053 0.657 29.66 1.053 1.290 20.28 1.064 2.179    
39.96 1.053 0.661 29.66 1.053 1.311 20.28 1.062 2.166    
39.96 1.053 0.663 29.66 1.053 1.324 20.28 1.062 2.159    
   29.69 1.251 1.246 20.32 1.253 2.081    
   29.69 1.251 1.259 20.32 1.253 2.090    
   29.69 1.251 1.271 20.32 1.253 2.100    
40.05 1.643 0.566 29.79 1.651 1.187 20.39 1.651 1.958    
40.05 1.643 0.564 29.79 1.650 1.195 20.39 1.651 1.963    
40.05 1.643 0.563 29.79 1.648 1.205 20.39 1.651 1.964    
40.10 2.058 0.524 29.90 2.044 1.100 20.45 2.044 1.847    
40.09 2.058 0.520 29.90 2.044 1.113 20.45 2.044 1.840    
40.09 2.058 0.521 29.90 2.044 1.116 20.45 2.044 1.847    
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Table A 11: Apparent carbondioxide permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
   29.49 0.246 4.549 20.09 0.255 6.633 9.26 0.245 8.880 
   29.49 0.245 4.544 20.18 0.255 6.190 9.26 0.244 10.09 
   29.49 0.245 3.942 20.17 0.255 6.017 9.25 0.244 10.05 
39.97 0.398 0.663 29.51 0.397 1.943 20.18 0.401 3.311 9.35 0.397 4.922 
39.96 0.396 0.813 29.51 0.397 2.124 20.18 0.401 3.423 9.35 0.397 5.032 
39.97 0.395 0.884 29.51 0.397 2.177 20.18 0.400 3.547 9.35 0.397 5.022 
39.97 0.542 0.911 29.55 0.546 1.703 20.2 0.554 2.803 9.39 0.547 4.459 
39.97 0.542 0.992 29.55 0.546 1.728 20.2 0.554 2.798 9.39 0.547 4.503 
39.97 0.542 1.014 29.55 0.546 1.742 20.21 0.554 2.809 9.39 0.547 4.519 
39.98 0.700 0.933 29.58 0.695 1.462 20.22 0.704 2.461 9.41 0.701 4.072 
39.98 0.700 0.930 29.58 0.694 1.519 20.23 0.704 2.549 9.41 0.701 4.147 
39.97 0.700 0.922 29.58 0.694 1.606 20.23 0.704 2.637 9.41 0.701 4.155 
39.99 0.855 0.851 29.62 0.855 1.460 20.24 0.855 2.691 9.44 0.846 3.974 
39.98 0.855 0.848 29.62 0.855 1.521 20.24 0.856 2.676 9.44 0.846 3.963 
39.98 0.855 0.856 29.62 0.855 1.563 20.24 0.856 2.647 9.44 0.846 4.030 
39.98 1.054 0.796 29.68 1.060 1.419 20.28 1.058 2.467 9.49 1.056 3.771 
39.98 1.054 0.799 29.68 1.059 1.452 20.28 1.059 2.460 9.49 1.056 3.771 
39.97 1.054 0.796 29.68 1.059 1.481 20.28 1.059 2.474 9.49 1.056 3.790 
39.98 1.252 0.752 29.74 1.257 1.451 20.31 1.252 2.382 9.53 1.248 3.707 
39.98 1.252 0.748 29.74 1.257 1.473 20.31 1.252 2.385 9.53 1.248 3.741 
39.97 1.252 0.746 29.74 1.257 1.479 20.31 1.253 2.393 9.53 1.247 3.777 
40.02 1.648 0.655 39.83 1.654 1.351 20.37 1.652 2.195 9.58 1.447 3.628 
40.01 1.648 0.659 29.83 1.651 1.358 20.37 1.652 2.190 9.58 1.447 3.646 
40.01 1.649 0.661 29.83 1.649 1.377 20.37 1.652 2.201 9.58 1.447 3.671 
40.08 2.047 0.624 29.9 2.054 1.248 20.46 2.063 2.157 9.63 1.650 3.619 
40.08 2.047 0.626 29.9 2.054 1.259 20.46 2.063 2.168 9.63 1.650 3.602 
40.07 2.047 0.629 29.9 2.054 1.266 20.46 2.063 2.162 9.63 1.650 3.609 
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Table A 12: Apparent helium permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
39.78 0.560 0.382 29.83 0.565 0.373 19.88 0.552 0.351 9.77 0.546 0.476 
39.78 0.560 0.388 29.83 0.565 0.356 19.88 0.551 0.332 9.77 0.546 0.471 
39.78 0.559 0.388 29.83 0.565 0.349 19.88 0.551 0.322 9.77 0.546 0.456 
39.78 0.804 0.344 29.83 0.805 0.363 19.88 0.797 0.378 9.77 0.809 0.453 
39.78 0.804 0.347 29.83 0.805 0.368 19.88 0.797 0.379 9.77 0.809 0.455 
39.78 0.803 0.349 29.83 0.805 0.366 19.88 0.797 0.379 9.77 0.809 0.454 
39.78 1.049 0.331 29.83 1.054 0.333 19.88 1.046 0.347 9.77 1.082 0.414 
39.78 1.050 0.335 29.83 1.054 0.333 19.88 1.045 0.345 9.77 1.082 0.415 
39.78 1.050 0.333 29.83 1.054 0.332 19.88 1.046 0.347 9.77 1.082 0.416 
39.78 1.305 0.316 29.83 1.313 0.311 19.88 1.312 0.321 9.77 1.322 0.388 
39.78 1.304 0.315 29.83 1.313 0.312 19.88 1.312 0.320 9.77 1.322 0.390 
39.78 1.304 0.318 29.83 1.313 0.313 19.88 1.312 0.320 9.77 1.322 0.389 
39.78 1.551 0.303 29.83 1.566 0.292 19.88 1.554 0.305 9.77 1.564 0.370 
39.78 1.550 0.302 29.83 1.566 0.294 19.88 1.554 0.304 9.77 1.564 0.369 
39.78 1.550 0.306 29.83 1.566 0.293 19.88 1.554 0.304 9.77 1.564 0.369 
39.78 1.813 0.294 29.83 1.803 0.283 19.88 1.800 0.293 9.77 1.828 0.351 
39.78 1.813 0.293 29.83 1.803 0.281 19.88 1.800 0.292 9.77 1.828 0.351 
39.78 1.813 0.295 29.83 1.803 0.281 19.88 1.799 0.293 9.77 1.828 0.352 
39.78 2.075 0.285 29.83 2.057 0.269 19.88 2.056 0.282 9.77 2.070 0.342 
39.78 2.075 0.287 29.83 2.057 0.271 19.88 2.056 0.283 9.77 2.069 0.339 
39.78 2.075 0.287 29.83 2.057 0.269 19.88 2.056 0.283 9.77 2.069 0.339 
39.78 2.296 0.278 29.83 2.300 0.263 19.88 2.343 0.273 9.77 2.358 0.332 
39.78 2.296 0.279 29.83 2.300 0.261 19.88 2.342 0.272 9.77 2.358 0.330 
39.78 2.296 0.275 29.83 2.300 0.262 19.88 2.342 0.271 9.77 2.357 0.331 
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Table A 13: Apparent argon permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
39.76 0.535 0.264          
39.76 0.535 0.265          
39.76 0.535 0.260          
39.76 0.799 0.264 29.83 0.808 0.235 19.88 0.577 0.303 9.92 0.556 0.298 
39.76 0.799 0.266 29.83 0.807 0.236 19.88 0.577 0.302 9.92 0.556 0.285 
39.76 0.800 0.266 29.83 0.807 0.235 19.88 0.577 0.303 9.92 0.556 0.291 
39.76 1.055 0.252 29.83 1.068 0.237 19.88 0.814 0.266 9.92 0.804 0.302 
39.76 1.055 0.251 29.83 1.067 0.236 19.88 0.814 0.267 9.92 0.804 0.302 
39.76 1.055 0.252 29.83 1.068 0.236 19.88 0.814 0.266 9.92 0.804 0.301 
39.76 1.302 0.243 29.83 1.308 0.226 19.88 1.066 0.248 9.92 1.063 0.292 
39.76 1.302 0.242 29.83 1.308 0.226 19.88 1.066 0.249 9.92 1.063 0.293 
39.76 1.302 0.243 29.83 1.308 0.226 19.88 1.066 0.247 9.92 1.063 0.292 
39.76 1.552 0.234 29.83 1.567 0.219 19.88 1.308 0.236 9.92 1.322 0.279 
39.76 1.552 0.234 29.83 1.567 0.221 19.88 1.308 0.237 9.92 1.322 0.279 
39.76 1.551 0.234 29.83 1.567 0.222 19.88 1.308 0.237 9.92 1.322 0.280 
39.76 1.848 0.227 29.83 1.819 0.214 19.88 1.553 0.229 9.92 1.555 0.271 
39.76 1.848 0.224 29.83 1.819 0.216 19.88 1.553 0.230 9.92 1.555 0.271 
39.76 1.848 0.227 29.83 1.819 0.214 19.88 1.553 0.229 9.92 1.554 0.272 
39.76 2.067 0.224 29.83 2.064 0.211 19.88 1.821 0.222 9.92 1.825 0.264 
39.76 2.067 0.223 29.83 2.064 0.211 19.88 1.821 0.223 9.92 1.825 0.265 
39.76 2.067 0.222 29.83 2.065 0.212 19.88 1.821 0.223 9.92 1.825 0.265 
39.76 2.310 0.220 29.83 2.342 0.206 19.88 2.052 0.218 9.92 2.079 0.259 
39.76 2.310 0.219 29.83 2.342 0.206 19.88 2.052 0.217 9.92 2.079 0.259 
39.76 2.310 0.220 29.83 2.342 0.206 19.88 2.052 0.219 9.92 2.079 0.259 
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Table A 14: Apparent nitrogen permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
39.78 0.543 0.371 29.84 0.564 0.274 19.89 0.574 0.296 9.91 0.558 0.358 
39.78 0.543 0.370 29.84 0.564 0.275 20.00 0.574 0.294 9.91 0.558 0.356 
39.78 0.543 0.369 29.84 0.563 0.274 20.00 0.574 0.295 9.91 0.558 0.357 
39.78 0.806 0.273 29.84 0.815 0.244 20.00 0.821 0.262 9.91 0.814 0.307 
39.78 0.805 0.274 29.84 0.815 0.243 20.00 0.821 0.262 9.91 0.814 0.308 
39.78 0.806 0.274 29.84 0.815 0.245 20.00 0.821 0.261 9.91 0.814 0.308 
39.78 1.050 0.250 29.84 1.074 0.231 20.00 1.060 0.243 9.91 1.010 0.295 
39.78 1.050 0.249 29.84 1.074 0.230 20.00 1.060 0.243 9.91 1.010 0.294 
39.78 1.050 0.249 29.84 1.074 0.230 20.00 1.060 0.243 9.91 1.010 0.293 
39.78 1.302 0.242 29.84 1.313 0.221 20.00 1.312 0.231 9.91 1.323 0.278 
39.78 1.302 0.241 29.84 1.313 0.220 20.00 1.312 0.232 9.91 1.323 0.275 
39.78 1.302 0.241 29.84 1.313 0.221 20.00 1.312 0.231 9.91 1.323 0.277 
39.78 1.550 0.230 29.84 1.564 0.215 20.00 1.563 0.222 9.91 1.559 0.269 
39.78 1.550 0.229 29.84 1.564 0.215 20.00 1.563 0.224 9.91 1.559 0.268 
39.78 1.550 0.230 29.84 1.564 0.215 20.00 1.564 0.223 9.91 1.559 0.269 
39.78 1.808 0.222 29.84 1.805 0.210 20.00 1.808 0.219 9.91 1.809 0.265 
39.78 1.808 0.223 29.84 1.804 0.210 20.00 1.808 0.218 9.91 1.809 0.263 
39.78 1.808 0.223 29.84 1.805 0.210 20.00 1.808 0.217 9.91 1.809 0.265 
39.78 2.051 0.219 29.84 2.053 0.204 20.00 2.061 0.213 9.91 2.058 0.261 
39.78 2.051 0.218 29.84 2.053 0.205 20.00 2.061 0.215 9.91 2.058 0.260 
39.78 2.051 0.220 29.84 2.053 0.204 20.00 2.061 0.214 9.91 2.058 0.260 
39.78 2.314 0.212 29.84 2.306 0.201 20.00 2.318 0.214 9.91 2.302 0.259 
39.78 2.314 0.214 29.84 2.306 0.202 20.00 2.318 0.214 9.91 2.301 0.258 
39.78 2.314 0.212 29.84 2.306 0.201 20.00 2.319 0.214 9.91 2.301 0.259 
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Table A 15: Apparent methane permeability data of Bossier Shale sample 2. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
39.78 0.553 0.296 29.85 0.549 0.245 19.89 0.571 0.251 9.69 0.544 0.326 
39.78 0.553 0.296 29.85 0.549 0.243 19.89 0.569 0.252 9.69 0.545 0.321 
39.78 0.553 0.296 29.85 0.549 0.244 19.89 0.569 0.251 9.69 0.545 0.316 
39.78 0.806 0.257 29.85 0.812 0.230 19.89 0.842 0.239 9.69 0.808 0.289 
39.78 0.806 0.258 29.85 0.812 0.230 19.89 0.842 0.240 9.69 0.808 0.293 
39.78 0.806 0.258 29.85 0.812 0.230 19.89 0.842 0.240 9.69 0.808 0.291 
39.78 1.046 0.245 29.85 1.065 0.223 19.89 1.097 0.232 9.69 1.079 0.278 
39.78 1.046 0.244 29.85 1.065 0.223 19.89 1.097 0.232 9.69 1.079 0.279 
39.78 1.046 0.245 29.85 1.065 0.223 19.89 1.097 0.232 9.69 1.079 0.277 
39.78 1.314 0.237 29.85 1.312 0.217 19.89 1.345 0.226 9.69 1.310 0.268 
39.78 1.313 0.237 29.85 1.313 0.217 19.89 1.345 0.227 9.69 1.309 0.270 
39.78 1.313 0.236 29.85 1.313 0.217 19.89 1.345 0.226 9.69 1.309 0.269 
39.78 1.560 0.231 29.85 1.564 0.213 19.89 1.567 0.224 9.69 1.562 0.264 
39.78 1.560 0.229 29.85 1.564 0.214 19.89 1.567 0.223 9.69 1.562 0.265 
39.78 1.559 0.228 29.85 1.564 0.213 19.89 1.567 0.222 9.69 1.562 0.264 
39.78 1.798 0.226 29.85 1.821 0.209 19.89 1.822 0.220 9.69 1.808 0.262 
39.78 1.798 0.227 29.85 1.821 0.209 19.89 1.822 0.219 9.69 1.808 0.262 
39.78 1.798 0.224 29.85 1.821 0.208 19.89 1.822 0.220 9.69 1.808 0.262 
39.78 2.054 0.221 29.85 2.062 0.206 19.89 2.029 0.217 9.69 2.052 0.260 
39.78 2.054 0.223 29.85 2.062 0.206 19.89 2.029 0.217 9.69 2.052 0.262 
39.78 2.054 0.226 29.85 2.062 0.206 19.89 2.029 0.217 9.69 2.052 0.264 
39.78 2.317 0.221 29.85 2.314 0.204 19.89 2.348 0.214 9.69 0.544 0.326 
39.78 2.317 0.222 29.85 2.314 0.204 19.89 2.348 0.214 9.69 0.545 0.321 
39.78 2.317 0.221 29.85 2.314 0.204 19.89 2.348 0.214 9.69 0.545 0.316 
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Appendix B: Apparent gas permeability data (chapter 3) 
Table B 1: Apparent helium permeability of BoM sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD 
7.90 0.68 671 7.90 0.68 671 15.68 0.78 412 
7.90 0.99 560 7.90 0.99 560 15.68 1.03 360 
7.90 1.29 507 7.90 1.29 507 15.68 1.37 320 
7.90 2.02 426 7.90 2.02 426 15.68 4.00 223 
7.90 3.00 382 7.90 3.00 382 15.68 5.07 211 
7.90 4.01 360 7.90 4.01 360 15.68 8.02 202 
7.90 5.03 345 7.90 5.03 345 15.68 10.07 202 
7.90 6.01 345 7.90 6.01 345 15.68 11.97 205 
 
Table B 2: Apparent argon permeability of BoM sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD 
7.90 0.70 406 11.75 0.65 356 15.68 0.50 298 
7.90 0.97 369 11.75 0.96 311 15.68 0.95 235 
7.90 1.28 342 11.75 1.30 286 15.68 1.25 217 
7.90 1.98 298 11.75 3.04 233 15.68 4.06 163 
7.90 3.00 287 11.75 5.01 221 15.68 5.06 162 
7.90 3.98 279 11.75 6.03 222 15.68 7.98 156 
7.90 4.99 279 11.75 8.00 224 15.68 9.99 164 
7.90 5.99 289 11.75 9.08 228 15.68 11.98 178 
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Table B 3: Apparent methane permeability of BoM sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD 
7.90 0.76 363 11.75 0.59 324    
7.90 1.01 345 11.75 0.90 285    
7.90 1.28 322 11.75 1.22 264    
7.90 1.99 294 11.75 3.00 221    
7.90 3.00 278 11.75 5.02 209    
7.90 4.00 268 11.75 6.03 210    
7.90 5.01 271 11.75 8.01 217    
7.90 6.00 279 11.75 9.02 224    
 
Table B 4: Apparent ethane permeability of BoM sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD 
7.90 7.93 356 11.75 11.71 289    
7.90 7.82 310 11.75 11.87 243    
7.90 7.82 283 11.75 11.91 225    
7.90 7.80 268 11.75 11.75 207    
7.90 7.80 255       
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Table B 5: Apparent helium permeability of HaF sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa mD MPa MPa mD MPa MPa mD MPa MPa mD 
8 0.2499 2.963 12 0.2528 2.213 16 0.2505 1.798 20 0.2499 1.639 
8 0.2499 2.951 12 0.2537 2.193 16 0.2503 1.782 20 0.2499 1.635 
8 0.2500 2.941 12 0.2539 2.201 16 0.2503 1.798 20 0.2499 1.639 
8 0.4018 2.636 12 0.4020 2.004 16 0.4016 1.634 20 0.4010 1.462 
8 0.4016 2.646 12 0.4020 2.001 16 0.4023 1.636 20 0.4009 1.461 
8 0.4010 2.657 12 0.4020 2.007 16 0.4026 1.620 20 0.4009 1.466 
8 0.6993 2.483 12 0.7036 1.860 16 0.7007 1.502 20 0.7018 1.315 
8 0.6996 2.474 12 0.7036 1.852 16 0.7003 1.501 20 0.7018 1.311 
8 0.7000 2.473 12 0.7036 1.854 16 0.7017 1.484 20 0.7018 1.301 
8 1.1985 2.347 12 1.2041 1.759 16 1.1980 1.395 20 1.2009 1.215 
8 1.1978 2.351 12 1.2042 1.754 16 1.1968 1.394 20 1.1997 1.216 
8 1.1968 2.345 12 1.2042 1.756 16 1.1962 1.397 20 1.1991 1.209 
8 2.0005 2.289 12 3.0018 1.677 16 4.0014 1.332 20 4.9972 1.111 
8 2.0002 2.284 12 3.0014 1.673 16 3.9980 1.342 20 4.9964 1.112 
8 1.9999 2.291 12 3.0012 1.666 16 3.9955 1.351 20 4.9984 1.113 
8 2.9980 2.305 12 6.0032 1.763 16 7.9954 1.370 20 7.9938 1.110 
8 2.9963 2.320 12 6.0020 1.757 16 7.9923 1.385 20 7.9882 1.107 
8 2.9936 2.284 12 6.0013 1.757 16 7.9895 1.389 20 7.9867 1.089 
8 4.0037 2.437 12 7.0020 1.830 16 9.9982 1.480 20 9.9735 1.127 
8 4.0027 2.423 12 7.0011 1.824 16 9.9968 1.490 20 9.9755 1.122 
8 4.0022 2.408 12 7.0007 1.827 16 9.9937 1.497 20 9.9722 1.124 
8 6.0064 2.795 12 8.0007 1.929 16 10.9764 1.571 20 13.9964 1.264 
8 6.0038 2.841 12 7.9999 1.911 16 10.9752 1.556 20 13.9865 1.276 
8 6.0018 2.782 12 7.9986 1.934 16 10.9742 1.562 20 13.9827 1.291 
 
 
 
Experimental Investigation of Gas Transport and Storage Processes in the Matrix of Gas Shales 
168   
Table B 6: Apparent argon permeability of HaF sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa mD MPa MPa mD MPa MPa mD MPa MPa mD 
8 0.2492 2.443 12 0.2536 1.762 16 0.2509 1.378 20 0.2500 1.155 
8 0.2489 2.460 12 0.2538 1.752 16 0.2509 1.406 20 0.2498 1.177 
8 0.2494 2.409 12 0.2538 1.752 16 0.2511 1.386 20 0.2500 1.169 
8 0.4010 2.293 12 0.4037 1.669 16 0.3979 1.354 20 0.4029 1.107 
8 0.4011 2.293 12 0.4038 1.664 16 0.3972 1.348 20 0.4038 1.102 
8 0.4011 2.302 12 0.4038 1.678 16 0.3972 1.348 20 0.4034 1.122 
8 0.7018 2.172 12 0.7040 1.593 16 0.6982 1.225 20 0.6994 0.989 
8 0.7020 2.175 12 0.7040 1.591 16 0.6976 1.198 20 0.6995 0.993 
8 0.7021 2.170 12 0.7040 1.583 16 0.6973 1.216 20 0.6992 1.001 
8 1.2016 2.099 12 1.2037 1.536 16 1.1998 1.090 20 1.1999 0.893 
8 1.2028 2.100 12 1.2039 1.530 16 1.2018 1.090 20 1.1996 0.897 
8 1.2029 2.111 12 1.2042 1.538 16 1.2022 1.085 20 1.1997 0.896 
8 1.9991 2.124 12 3.0034 1.479 16 4.0018 1.150 20 5.0003 0.946 
8 1.9999 2.127 12 3.0034 1.484 16 4.0010 1.142 20 4.9976 0.946 
8 2.0013 2.107 12 3.0036 1.476 16 4.0000 1.147 20 4.9958 0.945 
8 3.0030 2.143 12 6.0056 1.525 16 7.9900 1.175 20 7.9941 0.990 
8 3.0012 2.189 12 6.0065 1.535 16 7.9909 1.173 20 7.9929 0.984 
8 2.9993 2.157 12 6.0071 1.523 16 7.9927 1.188 20 7.9911 0.989 
8 3.9925 2.193 12 7.0052 1.583 16 10.0079 1.221 20 9.9979 0.973 
8 3.9906 2.219 12 7.0049 1.593 16 10.0041 1.196 20 9.9946 0.991 
8 3.9892 2.224 12 7.0046 1.589 16 10.0018 1.211 20 9.9929 0.989 
8 5.9924 2.550 12 8.0024 1.669 16 10.9972 1.229 20 14.0116 1.112 
8 5.9932 2.549 12 8.0008 1.678 16 10.9976 1.229 20 14.0148 1.107 
8 5.9932 2.578 12 8.0001 1.682 16 10.9988 1.222 20 14.0171 1.111 
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Table B 7: Apparent nitrogen permeability of HaF sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa mD MPa MPa mD MPa MPa mD MPa MPa mD 
8 0.2509 2.479 12 0.2498 1.730 16 0.2503 1.396 20 0.2505 1.093 
8 0.2509 2.494 12 0.2501 1.727 16 0.2505 1.386 20 0.2507 1.091 
8 0.2507 2.506 12 0.2503 1.733 16 0.2506 1.361 20 0.2507 1.088 
8 0.4014 2.304 12 0.3990 1.614 16 0.3991 1.361 20 0.3993 1.037 
8 0.4009 2.333 12 0.3992 1.623 16 0.3977 1.361 20 0.3993 1.030 
8 0.4005 2.336 12 0.3993 1.622 16 0.3968 1.379 20 0.3995 1.021 
8 0.6995 2.223 12 0.7003 1.489 16 0.7036 1.232 20 0.7015 0.936 
8 0.6991 2.243 12 0.6999 1.491 16 0.7028 1.250 20 0.7015 0.937 
8 0.6987 2.212 12 0.6998 1.491 16 0.7022 1.237 20 0.7015 0.937 
8 1.2001 2.132 12 1.2007 1.415 16 1.2010 1.073 20 1.1999 0.838 
8 1.1992 2.112 12 1.2008 1.411 16 1.2031 1.082 20 1.2006 0.838 
8 1.1982 2.185 12 1.2009 1.410 16 1.2035 1.078 20 1.2012 0.835 
8 1.9991 2.119 12 2.9999 1.427 16 3.9959 1.116 20 5.0030 0.849 
8 2.0001 2.110 12 2.9997 1.427 16 3.9957 1.120 20 5.0042 0.853 
8 2.0006 2.107 12 2.9993 1.422 16 3.9954 1.122 20 5.0052 0.846 
8 2.9968 2.144 12 6.0072 1.422 16 8.0029 1.144 20 8.0084 0.842 
8 2.9967 2.159 12 6.0083 1.416 16 8.0030 1.142 20 8.0078 0.845 
8 2.9983 2.157 12 6.0097 1.425 16 8.0029 1.127 20 8.0064 0.853 
8 3.9961 2.213 12 6.9980 1.460 16 9.9914 1.249 20 9.9993 0.852 
8 3.9937 2.176 12 6.9979 1.467 16 9.9987 1.241 20 9.9992 0.863 
8 3.9904 2.201 12 6.9978 1.472 16 9.9950 1.184 20 9.9996 0.867 
8 5.9963 2.495 12 7.9988 1.522 16 10.9948 1.215 20 13.9829 0.965 
8 5.9958 2.491 12 7.9985 1.542 16 10.9927 1.243 20 13.9796 0.949 
8 5.9959 2.502 12 7.9979 1.541 16 10.9887 1.232 20 13.9752 0.960 
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Table B 8: Apparent methane permeability of HaF sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa mD MPa MPa mD MPa MPa mD MPa MPa mD 
8 0.2503 2.367 12 0.2505 1.713 16 0.2495 1.275 20 0.2509 1.036 
8 0.2492 2.362 12 0.2503 1.729 16 0.2493 1.266 20 0.2515 1.037 
8 0.2492 2.365 12 0.2501 1.719 16 0.2489 1.290 20 0.2516 1.036 
8 0.3992 2.253 12 0.4013 1.594 16 0.4001 1.242 20 0.4000 1.018 
8 0.3977 2.282 12 0.4012 1.594 16 0.3988 1.248 20 0.3997 1.014 
8 0.3970 2.252 12 0.4012 1.598 16 0.3983 1.245 20 0.3997 1.016 
8 0.6992 2.135 12 0.6991 1.468 16 0.6986 1.125 20 0.7003 0.932 
8 0.6982 2.122 12 0.6990 1.468 16 0.6986 1.130 20 0.7003 0.931 
8 0.6984 2.124 12 0.6988 1.472 16 0.6992 1.128 20 0.7003 0.930 
8 1.2043 2.132 12 1.2002 1.389 16 1.2021 0.981 20 1.1993 0.822 
8 1.2047 2.140 12 1.2008 1.397 16 1.2028 0.991 20 1.1992 0.823 
8 1.2057 2.142 12 1.2014 1.399 16 1.2032 0.992 20 1.1995 0.826 
8 1.9995 2.111 12 3.0002 1.457 16 3.9994 1.100 20 5.0046 0.888 
8 1.9978 2.129 12 3.0010 1.459 16 3.9982 1.102 20 5.0042 0.895 
8 1.9972 2.084 12 3.0016 1.462 16 3.9980 1.116 20 5.0034 0.888 
8 3.0010 2.127 12 6.0004 1.534 16 7.9983 1.177 20 7.9969 0.924 
8 3.0006 2.084 12 5.9976 1.554 16 7.9982 1.180 20 7.9949 0.917 
8 3.0000 2.106 12 5.9956 1.534 16 7.9975 1.176 20 7.9933 0.924 
8 3.9982 2.120 12 6.9967 1.590 16 10.0036 1.308 20 10.0024 0.965 
8 3.9985 2.112 12 6.9951 1.611 16 10.0001 1.297 20 10.0018 0.965 
8 3.9961 2.111 12 6.9946 1.588 16 9.9985 1.315 20 10.0017 0.970 
8 5.9988 2.451 12 7.9962 1.702 16 10.9952 1.350 20 13.9768 1.157 
8 5.9978 2.545 12 7.9952 1.711 16 10.9912 1.367 20 13.9753 1.153 
8 5.9974 2.530 12 7.9948 1.716 16 10.9843 1.371 20 13.9736 1.155 
 
 
 
Appendix B: Apparent gas permeability data (chapter 3) 
   171 
Table B 9: Apparent ethane permeability of HaF sample. 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa mD MPa MPa mD MPa MPa mD MPa MPa mD 
8 0.2507 2.149 12 0.2528 1.566 16 0.2492 1.146 20 0.2518 0.939 
8 0.2507 2.141 12 0.2525 1.566 16 0.2492 1.127 20 0.2504 0.935 
8 0.2503 2.163 12 0.2524 1.570 16 0.2492 1.124 20 0.2506 0.932 
8 0.3983 2.057 12 0.4004 1.460 16 0.3997 1.152 20 0.3995 0.937 
8 0.3982 2.007 12 0.3999 1.462 16 0.3998 1.154 20 0.3989 0.938 
8 0.3978 2.009 12 0.3999 1.454 16 0.3995 1.174 20 0.3989 0.939 
8 0.6997 1.957 12 0.6974 1.409 16 0.7012 1.042 20 0.7009 0.837 
8 0.6973 1.984 12 0.6948 1.435 16 0.7011 1.041 20 0.7004 0.840 
8 0.6972 1.987 12 0.6935 1.426 16 0.7007 1.046 20 0.7000 0.841 
   12 1.2021 1.285 16 1.2022 0.952 20 1.1876 0.762 
   12 1.2029 1.288 16 1.2042 0.955 20 1.1886 0.763 
   12 1.2021 1.288 16 1.2061 0.950 20 1.1890 0.762 
 
Table B 10: Apparent helium permeability of Eagle Ford (L) sample. Digitized from Letham & 
Bustin (2015). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
8.60 1.70 1612 22.40 1.71 1013 36.17 1.70 725 49.98 1.72 557 
9.18 2.29 1420 22.98 2.30 874 36.75 2.28 621 50.54 2.28 481 
10.34 3.45 1241 24.13 3.45 725 37.90 3.43 514 51.71 3.45 395 
13.85 6.96 1020 27.70 7.02 561 41.36 6.89 400 55.13 6.87 306 
17.28 10.39 962 31.12 10.43 517 44.86 10.39 357 58.65 10.39 275 
20.81 13.91 921 34.68 13.99 494 48.55 14.08 342 62.34 14.08 264 
24.34 17.44 900 38.13 17.44 478 52.04 17.57 331 65.83 17.57 254 
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Table B 11: Apparent nitrogen permeability of Eagle Ford (M) sample. Published in Nazari 
Moghaddam & Jamiolahmadi (2016). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa mD MPa MPa mD MPa MPa mD 
8.62 1.72 0.172 15.51 1.72 0.046 22.41 1.72 0.024 
12.07 5.17 0.153 18.96 5.17 0.036 25.86 5.17 0.022 
17.24 10.34 0.141 24.13 10.34 0.034 31.03 10.34 0.020 
22.41 15.51 0.135 29.30 15.51 0.033    
27.58 20.68 0.129       
 
Table B 12: Apparent nitrogen permeability of Pierre sample. Published in Nazari Moghaddam & 
Jamiolahmadi (2016). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD 
8.62 1.72 8.410 15.51 1.72 5.941 22.41 1.72 4.558 
12.07 5.17 5.596 18.96 5.17 3.934 25.86 5.17 3.085 
17.24 10.34 4.539 24.13 10.34 3.262 31.03 10.34 2.563 
22.41 15.51 4.102 29.30 15.51 3.045    
27.58 20.68 3.816       
 
Table B 13: Apparent nitrogen permeability of Barnett sample. Published in Nazari Moghaddam & 
Jamiolahmadi (2016). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD 
8.62 1.72 2.428 1.72 1.303 1.72 22.41 1.72 1.035 
12.07 5.17 2.008 5.17 0.932 5.17 25.86 5.17 0.709 
17.24 10.34 1.813 10.34 0.827 10.34 31.03 10.34 0.615 
22.41 15.51 1.690 15.51 0.773 15.51    
27.58 20.68 1.509       
 
Appendix B: Apparent gas permeability data (chapter 3) 
   173 
Table B 14: Apparent helium permeability of Eagle Ford174 sample. Digitized from Heller et al. 
(2014). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
8.62 1.72 86.77 15.52 1.72 65.08 22.41 1.72 45.12 29.31 1.72 30.15 
10.34 3.45 55.10 17.24 3.45 39.91 24.14 3.45 23.86 31.03 3.45 14.97 
12.07 5.17 45.55 18.97 5.17 31.89 25.86 5.17 18.22 32.76 5.17 10.20 
13.79 6.90 39.91 20.69 6.90 22.99 27.59 6.90 12.15 34.48 6.90 5.42 
20.69 13.79 27.77 27.59 13.79 16.92 34.48 13.79 9.76 41.38 13.79 5.21 
27.59 20.69 22.13 34.48 20.69 10.20 41.38 20.69 6.29 48.28 20.69 4.34 
34.48 27.59 13.23 41.38 27.59 6.07 48.28 27.59 4.12 55.17 27.59 3.25 
 
Table B 15: Apparent helium permeability of Eagle Ford129 sample. Digitized from Heller et al. 
(2014). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa µD MPa MPa µD MPa MPa µD MPa MPa µD 
8.62 1.72 18.40 1.72 15.84 1.72 1.72 13.93 1.72 1.72 12.24 1.72 
10.34 3.45 14.29 3.45 12.39 3.45 3.45 10.73 3.45 3.45 8.92 3.45 
12.07 5.17 12.45 5.17 11.05 5.17 5.17 9.65 5.17 5.17 8.20 5.17 
13.79 6.90 12.09 6.90 10.55 6.90 6.90 8.99 6.90 6.90 7.40 6.90 
20.69 13.79 10.98 13.79 9.48 13.79 13.79 8.17 13.79 13.79 6.93 13.79 
27.59 20.69 10.59 20.69 8.92 20.69 20.69 7.40 20.69 20.69 6.54 20.69 
34.48 27.59 10.32 27.59 8.81 27.59 27.59 7.22 27.59 27.59 6.43 27.59 
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Table B 16: Apparent helium permeability of Marcellus sample. Digitized from Heller et al. (2014). 
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
1.72 175.41 1.72 1.72 140.01 1.72 1.72 109.60 1.72 1.72 80.03 1.72 
3.45 102.63 3.45 3.45 83.03 3.45 3.45 59.70 3.45 3.45 40.93 3.45 
5.17 81.83 5.17 5.17 60.15 5.17 5.17 43.05 5.17 5.17 35.10 5.17 
6.90 55.79 6.90 6.90 46.68 6.90 6.90 36.45 6.90 6.90 28.45 6.90 
13.79 47.50 13.79 13.79 40.33 13.79 13.79 32.33 13.79 13.79 24.88 13.79 
20.69 36.44 20.69 20.69 30.10 20.69 20.69 23.76 20.69 20.69 19.65 20.69 
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Appendix C: Apparent gas permeability data (chapter 4) 
Table C 1: Apparent helium permeability of sample 3 ∥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
40.26 0.402 868 30.85 0.395 898 21.39 0.452 823 10.93 0.482 843 
40.22 0.720 523 30.73 1.076 393 21.30 0.705 562 10.75 1.041 453 
40.22 1.049 385 30.87 1.474 307 21.32 0.965 448 10.81 1.301 403 
40.19 1.279 328 30.88 1.719 275 21.41 1.243 374 10.68 1.693 332 
40.21 1.599 276    21.25 1.507 324    
 
Table C 2: Apparent helium permeability of sample 3 ⊥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
39.64 1.038 63.0 29.55 0.596 106.1       
39.63 1.476 46.3 29.58 1.020 65.6       
   29.59 1.532 47.9       
   29.61 1.916 40.5       
 
Table C 3: Apparent helium permeability of sample 7 ⊥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
   29.78 0.416 34.0 19.57 0.824 22.0 9.54 1.224 29.6 
   29.83 0.823 20.5 19.64 1.638 15.4 9.50 1.596 26.2 
   29.71 1.246 15.7 19.61 2.062 14.1 9.59 1.879 24.2 
   29.69 1.674 13.2    9.59 2.317 22.3 
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Table C 4: Apparent helium permeability of sample 9 ⊥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
39.78 1.064 3.03    19.98 0.865 4.88 9.95 0.917 8.47 
39.77 1.384 2.64    19.97 1.247 4.10 9.96 1.363 7.32 
39.77 1.755 2.30    19.98 1.822 3.48 9.96 2.284 6.25 
39.76 2.347 2.05          
 
Table C 5: Apparent helium permeability of sample 11 ∥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
39.74 0.390 243 29.86 0.644 161 19.97 0.907 121    
39.73 0.803 129 29.85 0.876 122 19.97 1.553 82    
39.73 1.091 99 29.85 1.172 101       
39.50 1.390 81 29.86 1.430 86       
39.55 1.690 69 29.88 1.668 75       
 
Table C 6: Apparent helium permeability of sample 11 ⊥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
40.12 0.436 36.5 30.10 0.433 37.0 20.10 0.450 39.3 10.09 0.446 40.1 
40.12 0.817 20.8 30.01 0.744 23.1 20.10 0.769 24.6 10.09 0.841 24.0 
40.12 1.158 15.6 29.66 1.182 15.9 20.10 1.057 18.8 10.09 1.265 17.8 
40.12 1.529 12.7 30.11 1.560 12.9 20.10 1.385 15.5 10.09 1.516 15.7 
40.12 1.706 11.8 30.10 2.103 10.7 20.10 2.001 11.9 10.09 1.842 13.9 
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Table C 7: Apparent helium permeability of sample 12 ⊥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
39.91 1.992 0.020          
39.91 5.945 0.003          
 
Table C 8: Apparent helium permeability of sample 13 ∥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
40.12 0.467 14.3 30.10 0.555 12.5 19.97 0.547 13.7 10.09 0.635 14.2 
40.11 0.826 9.1 30.10 0.887 8.8 19.80 0.838 9.9 10.09 1.173 9.4 
40.11 1.143 7.3 30.10 1.212 7.2 19.92 1.229 7.6 10.09 1.569 7.9 
40.11 1.428 6.2 30.10 1.375 6.7 19.87 1.378 7.1 10.09 2.039 6.9 
40.11 1.797 5.5 30.10 1.660 6.0 20.04 1.577 6.6 10.09 2.424 6.4 
 
Table C 9: Apparent helium permeability of sample 13 ⊥.  
Pc Pp kgas Pc Pp kgas Pc Pp kgas Pc Pp kgas 
MPa MPa nD MPa MPa nD MPa MPa nD MPa MPa nD 
40.11 2.976 0.03 30.10 3.147 0.04 20.09 2.921 0.05    
 
 
 
 
 
 
 
 
